AD-A150 167 ELECTRICAL AND THERMAL TRHNSPDRT PROPERTV STUDIES OF
IGH TEHPERRTURE THE (U) BATTELLE PRCIFIC NORTHHWEST

CHLAND HA L BATES ET AL. JUL 8
UNCLASSIFIED RFOSR TR-84-1210 F49620 83-C-0189 F/G 1172




. e 4 v
e e e A g W Y N,

DA PR I T T T
AT et et e e

. oy

s 2 fl2s
= p22
Lo ==
k2 |j20

=

TR

IS

FIFFEEEE

—
.
—
rr
4
Fr

22 i ne

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A




ELFECTRICAL AND THERMAL TRANSPORT
PROPERTY STULIES OF HIGH=TEMPERATURE

THERMOELECTRIC MATERIALS:  INTFRIM !
TECHNTCAL REPORT FOR THE PERIOD
AUGUST 15, 1983 to MAY 15, 1984 :
Bates -
J. E. Garnier
L. €. Olsen*
Grittin it
/,,.i
{

Battelle
Paﬂf;‘;“‘*’i"‘“eﬂ Lab.ratonies .

"i{;%’ L5




O E RSO A Mt Pt egitufh S R M S S N SR SA R A S B AJE D B AT A0 I et S e e ———r ey e e e

!
' ELECTRICAL AND THERMAL TRANSPORT |
- PROPERTY STUDIES OF HIGH-TEMPERATURE : :
THERMOELECTRIC MATERIALS: INTERIM e
TECHNICAL REPORT FOR THE PERIOD S
AUGUST 15, 1983 to MAY 15, 1984

J. L. Bates

J. E. Garnier

L. C. Olsen*

C. W. Griffin B e

o July 1984
B LI THEN .
Chief Iocnnicn*;“.s;wwtionDivillon
’

’ Prepared for ::
;: Air Force Office of Scientific Research t
E under AFOSR Contract F49620-83-C0109 <
. Lo

o Battelle, Pacific Northwest Laboratories
- Richland, Washington 99352

i' * Consultant

L

.. ‘e MR “a DR TR VLI L AT UL AL PR AL S R e I P REIEY .
i ." oo, .- .r o r i) .‘f. e e et e e e e e e e e e e e el e

. - oL e P
S o WL '.' l'l.“L_'_A‘"C\.-."‘l.':"....k“L.)s.‘lﬁ"‘j““ PPN N




CONTENTS
SUMARY . . . . e e e e ... o1a Vo
INTRODUCTION . . . . . . . . . . . 2.1 :
OTHER THERMOELECTRIC MATERIALS WORK . . . . . . 3.1
3.1 Previously Developed Materials . . . . . . 3.1

3.2 Rare-Earth Chalcogenides . . . . . . . . 3.2

3.3 Boron-Rich Borides . . . . . . . . . 3.3

THEORETICAL STUDIES . . . .  «  «  « v . 4. o

4.1 Brief Review of Thermoelectric Energy Conversion . . . 4.1 }1 £2
4.2 Theory for Material Figure-of-Merit . . . . . 4.7 %?f;}
4.2,1 Broad-Band Semiconductors . . . . . . 4.7 :“;;f
4.2.2 Narrow-Band Semiconductors . . . . . . 4.10 >t ;g
TRANSPORT PROPERTY MEASUREMENTS . . . . . . . 5.1 f e
5.1 Electrical Conductivity . . . . . . . . 5.1 -¥;;

5.2 Thermal Conductivity . . . . . . . . 5.1 i

5.3 Seebeck Coefficient . . . . . . . . . 5.4 .
5.4 Transference Numbers . . . . . . . . 5.8 )

5.5 Laser Raman Spectroscopy . . . . . . . . 5.9

5.6 Calculation of the Figure-~of-Merit . . . . . . 5.9
EXPERIMENTAL RESULTS FOR OXIDE MATERIALS . . . . . 6.1

6.1 (Iny03) (Sm0),  « « . . . . . . . 6l

6.2 CHROMITES . . . . . T 6.7 S
6.2.1 Y, CaCrO0s . .+ o & " ou .. . 6.7 -
X X .

1-

6.2.2 Y Mg Cr

C o i1
I-XOS . . . . . R S . \"]- . 6- 10

111 e RPN | s
{*J\; ! S

. «
~_-
o - - .- . -
..... o - o et e t@w T et et ot Lt s.
- %N - . e . .
- ™ b - " -, ~ o) kS .‘. e
"

e .\'.-.\.~. ‘.""."'\_\\\‘

N v .
R I T A I ML Sl SR I . SN
R T A P P P A A A R A A AT U WAL WA VAT WA AR v VAT WAL W SR ST S




AR SN R T N et et s st i el e et - A A i it i gt e Jied e Sade i Jhett Tl i Sy
. s . [ e T T . LR Tt T e vt

:.:\ 6.2.3 Yl-x

N 6.2.4 Chromites General .

erCr03 .

6.3 H£0,-In,04 . .
6.4 MANGANATES . . .
7.0 FUTURE DIRECTION . . .

8.0 REFERENCES . . . .

APPENDIX A - CALCULATED THERMOELECTRIC DATA

CONTENTS

.......

. . .
. .

. . .

. .

. . .

. . .

. .

APPENDIX B - NOVEL APPARATUS FOR MEASUREMENT OF

SEEBECK COEFFICIENT . . . .

..........

iv

6.17

6.20

A.l

et

n:.

Tl




FIGURES

3.1 Dimensionless Figure of Merit for Thermoelectric Materials
Developed by 1980, . . . . . . . . ;

3.2 2T Values for Rare-Earth Chalcogenides. . . . . . .

3.3 ZT Values for Boron and Boron-Rich Borides. . . . .

4,1 Schematic Illustration of Thermoelectric Converter Consisting
of One n-Type and One p-Type Thermoelement . . . .

4.2 Peltier Effects at Hot Junction. . . . . . . .
4.3 Calculated Maximum Efficiency Versus '1‘H for Tc = 300 K . .
4.4 Electron Band Diagram for n-Type, Broad-Band Semiconductor .

4.5 Calculated ZT Versus e_ for Values of the Material
Parameter A, and for Lattice Scattering (r = =)

4.6 (A) Physical Description of Small Polaron
(B) Electron Band Diagram Showing Polaron Transitions
Involved in Polaron Transport . . . . . . .

5.1 Four-Contact Method Used to Measure Electrical

Conductivity. . . . . . . . . N
5.2 Seebeck Coefficient Measuring Unit. . . . . . .
5.3 Coulometric Titration Cell, . . . . . . . .

6.1 Electrical Conductivity at (Inzos)x.(Snoz)l_x. . . .

6.2 Thermal Resistivity of (Inzoa)x(Snoz)l_x. . . . .

6.3 Seebeck Coefficient Versus Iny0, . . . . . . ;
6.4 Thermal Resistivity for (Inzoa)x-(Snoz)l_x . . . . .
6.5 Laser Raman Spectra for Iny0,+Sn0O, Compounds . . . . .

6.6 Figure of Merit for (Iny03)_ °*(Sn0O,) . . . . . .
2Us) 2) 1y

6.7 Electrical Conductivity for Yl-xcaxcr03 . . . . . .
6.8 Thermal Resistivity for Yl_xCaxCrog . . . . . .
6.9 Seebeck Coefficient for Y, Ca CrO,. . . . . .

l-x x 3




v e e . .
- ‘ t -
o h PP RN

LA S

T v

6.20

6.21

6.22

6.23

7.1

...................
.....

FIGURES (Cont.)

Figure of Merit for Y xCaxCrO:,. . .

1-
Proposed Band Model . . . . .

Electrical Conductivity for YngCr O3,

l-x

l-x03°

Seebeck Coefficient for YngCrl_x03. .

Thermal Resistivity for YngCr

Figure of Merit for YngCr Os. .

1-x

Electrical Conductivity for Y xerCrO:.,.

1=

Thermal Resistivity for Y xerCrO.

1~

Seebeck Coefficient for Y

1_xerCros. .

Figure of Merit for Y xerCr03.

1-
Seebeck Coefficient for LLL and MMM

Electrical Conductivity for MMM . .
Electrical Conductivity for LLL . .

Figure of Merit for LLL and MMM

TABLES
Summary of Preliminary Chromite Test Results
at 1000 K in Air . . .

Future Chromite Matrix Study . . .

vi

.....

. 6.9
. 6.11
. 6.12
6.12
6.13
. 6.13
6.14
. 6.14
. 6.15
6.15
6.18
. 6.18
. 6.19
6.19
. 6.17
7.2




-
L

:

COMCRC RSN R PG Rt MR T e

1.0 SUMMARY

‘The first year of this researchrﬁis;émphasized the study of elec-

F tronically conducting oxides with varied transport characteristics, an

evaluation of theoretical models, and the determination of a high-

: temperature transport property data base. Oxide systems based on
Er SnOS-IﬁéOQ; (La,Y) (Mg,Ca,Sr)Cr0O%, HfO}-RkO§-In503 and La(Sr)Mn0Oj3 were
selected for initial studies and represent different crystallographic/
defect structures and transport characteristics. The electrical conduc-
| ‘ tivity, Seebeck coefficient and thermal conductivity for these oxides are
being measured and have provided a preliminary data base for evaluating
transport properties and the figure of merit. This includes the develop-
ment of a novel technique for the rapid, high-temperature determination of

the absolute Seebeck coefficient. Cer v
N

Vil
Theories for the figure of merit, the transport properties of broad- 1-.,

and narrow-band semiconductors with emphasis on small polaron or hopping

conduction were developed and applied to Sn0,-Inj;03, Y(M)CrO; and La(Sr)MnOj.

The highly conducting Sn0,-In,0; are degenerate, n-type broad-band semi-

conductors with low Seebeck coefficients and small figures of merit. The

(Y)(Ca,Mg,Sr)Cr0O; are p-type, narrow-band semiconductors with low thermal

conductivities, high Seebeck coefficients and moderate electrical conduc-

tivity. These ABO; oxides are of the controlled valency type and, by

varying the divalent or trivalent substitutions on either the A and B sites,

have the potential for altering the transport properties for optimum high
figure of merit.

T A
'.“._'-'- '

Current research emphasizes small polaron transport in narrow-band
semiconducting oxides. The predicted and measured increases in both the 'j
Seebeck coefficient and electrical conductivity with increasing temperature fi
makes them exciting as high-temperature thermoelectric materials with i
potential to increase the figure of merit. Future research will emphasize ‘ ‘ j

these types of highly conducting materials and include the rare-earth AN

chromites, chalcogenides and oxy-chalcogenides.

1.1
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2.0 INTRODUCTION
The purpose of this report is to describe the technical results
obtained during the first year's study of high-temperature thermoelectric

(a)

materials. The scope of the research is: a) to develop theoretical
models for electrical, thermal, and thermoelectric behavior of refractory
oxide materials, b) to determine electrical transport properties necessary
to develop and test these models, c) to determine methods for increasing
the figure of merit in refractory oxide syvstems by varying composition,
defect structure, microstructure, etc., and d) to use these models to
establish theoretical and empirical limits of the figure of merit for these

oxides and other refractory materials

The general approach for evaluating the figure of merit, (ZT),

is to study thermally stable materials such as refractory oxides, sulfides,
oxysulfides, and other chalcogenides that generally exhibit low thermal
conductivities (i), <10 W/m-K, but with moderate electrical conduction (o),
>10 ohm™ l, and high Seebeck coefficients (S), >200 uV/K. It is the

intent of this program to investigate a number of oxide and oxysulfide

1 -
=cm

systems that exhibit these properties.

The emphasis this first year was: 1) to complete a literature review

of potential refractory oxides that should be consider:d for study and to
select those that might best represent different crystallographic or defect
structures with different transport characteristics, 2) to initiate
transport and thermal property measurements to provide a data base for
evaluating possible models for high-temperature thermoelectric refractory
materials, and 3) to consider these data using present theories for

thermoelectric conversion and electrical transport in broad- and

narrow~-band semiconductors.

3

(a) This covers the period from August 15, 19%{, to May 15, 1984. The
abbreviated year resulted from a 3-month delay in receipt of the signed
contract.
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The literature review and evaluation, the transport property measure-

ment techniques and data for selected oxide systems, the theoretical

considerations for high-temperature thermoelectric materials with ZT >1,

iy conclusions and future research are described in the body of this report.
o The refractory materials initially studied and reported include the
-' (Y) (M)CrO53, Sn0z-In,y03, Hfoz(Zroz)-Rxoy—Inzoa, and La(M)MnO3. In addition,
appended to this report are the tabulation of data and the draft of a paper

being prepared for publication.
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3.0 OTHER THERMOELECTRIC MATERIALS WORK

Current advanced research efforts on thermoelectric materials are
concentrating on the development of materials for high-temperature
applications. In particular, materials with a dimensionless figure of
merit (ZT) greater than 1 for temperatures above 1000 K are of primary
interest. Research and development efforts conducted from 1950 to 1980 led
to several materials with ZT of about 1 in the temperature range of 300 K
to 1200 K. These materials are briefly discussed below. Research on
high-temperature thermoelectric materials by other groups presently
involves two classes of materials: rare-earth chalcogenides and boron-rich

borides. These compounds are also briefly discussed in this section.

3.1 PREVIOUSLY DEVELOPED MATERIALS

During the 1950's and 1960's, the theory for thermoelectric materials
based on broad-band semiconductors was well developed. This work resulted

in the following basic approach for thermoelectric materials development:

* Select compounds for development so that the lattice component of

thermal conductivity can be minimized:

* Select semiconducting materials for which the dopant concentration can
2

be adjusted to achieve maximum oS .

By 1980, several useful n- and p-type thermoelectric materials had
been developed. Plots of ZT versus T for some of these materials are given
in Figure 3.1. Note that these materials collectively spans the
temperature range of 300 K to 1200 K. The need for thermoelectric
materials with large values of ZT above 1300 K is evident. It is
particularly desirable to have thermoelements that exhibit a ZT of 1 or
greater over a large temperature interval up to 2000 K. Such an
achievement may require thermoelements with graded composition profiles.
However, material systems capable of efficient thermoelectric power

generation at high temperatures must be first identified and developed.

.-. .--.-.v' ‘. y » Y et -
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FIGURE 3.1. Dimensionless Figures of Merit for Thermoelectric Materials.
Developed by 1980.

3.2 RARE-EARTH CHALCOGENIDES

The rare-earth chalcogenides form three binary compounds: RX,
R3X4-RyX3, and RX;. R refers to a rare-earth atom, while X refers to a
chalcogen (S, Se, or Te). The R3X,-RyX3 compounds are being investigated

(3.1, 3.2, 3.3)

for thermoelectric energy conversion. In the case of Rj3Xy,

there are no vacant sites; while in R,X3, a significant number of rare-

earth sites are empty. These vacancies apparently act as donors, and the

materials are heavily doped. iﬂ fft

The rare-earth sulfides are n-type, broad-band semiconductors. Due to
the large doping level, they usually are degenerate. Electrical transport
properties can be interpreted as being a result of electrons moving in a l;iJ
conduction band with effective masses several times the free electron mass. ;f i}-\
Thus, an itinerant model for electron transport is adequate for the rare- -

earth chalcogenides.

PRSI
2 TG

The lattice component of thermal conductivity for these materials is ) ~{*:
relatively low because of the rather complex structure. There are 28 atoms . }fli
. )
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per unit cell and there is usually a high density of vacancies. Figure 3.2
summarizes ZT versus T data for some of these materials. These results are i——
encouraging. But there is still a need for materials with ZT >l at high -
temperatures. .
3.3 BORON-RICH BORIDES ;
Boron forms a large number of refractory compounds. Four borides have
been investigated for high-temperature thermoelectrics: B-boron, B;,Si,
B C, and a—AlBlz.(3'1’ 3.4, 3.5) These compounds all have a large number
of atoms per unit cell. Figure 3.3 shows results for ZT versus T. i
These materials are all p-type. The Seebeck coefficient and electri-
cal conductivity both increase with temperature over a relatively large
temperature interval. The electrical transport properties of the borides
have been interpreted in terms of small polarons hopping between inequiva- .“%E
lent sites. The structures of these borides are compatible with such a S
concept. "f:i
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A significant part of the current research activities on the borides
is devoted to studies of small polaron transport.
the figure of merit of such materials are needed. Thus, the work being

done on this program should be beneficial to workers investigating the

borides.

3.4
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4.0 THEORETICAL STUDIES

In this section, the theory for thermoelectric energy conversion and

the theories for electrical transport in broad-band and narrow-band semi- ,;iFl?

conductors are reviewed. The concept of a figure of merit is introduced. ;':
Potential values for the figure of merit of each type of semiconductor are ;57?i
considered, Heike and Ure(A'l) discuss thermoelectric theory in greater )
detail. AN
4.1 BRIEF REVIEW QF THERMOELECTRIC ENERGY CONVERSION - S
> .
Consider a simple thermocouple as shown in Figure 4~1. Heat (Q) is ;
being absorbed at the hot junction (TH) and rejected at the cold junction 33
:}
- e »A_J‘
» .
0, ]
\g’ g g Electrical .

Th <e——— Conductor ?
Ef {Hot Shoe) o 4
v S te

Te e

Electrical L
Insulator i

R

Figure 4.1. Schematic Illustration of Thermoelectric Converter
: Consisting of One n-Type and One p-Type Thermoelement.
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(TC) such that a temperature difference is established across the
thermocouple. As a result of the temperature difference, carriers
essentially undergo thermal diffusion, Electrons in the n-type material
are driven from the "hot" to "cold" ends of the n-thermoelement, and holes
in the p-type material are driven from the "hot" to "cold" ends of the
p-thermoelement. The flow of electrons and holes gives rise to a current
(1) through the load (RL)' In order to determine an expression for
efficiency of this simple power source, one needs an expression for (I) as

a function of the load voltage (V).

By considering both thermal diffusion and effects of an electric field
on electrons and holes, one can show that at an interface within the p-type
or n-type elements, and normal to the current flow, the current density is
given by

dT

J=O[EO-Sd—x'

where o is the material electrical conductivity, Eo is the electric field,
and dT/dx is the thermal gradient at the interface. Consider a 1ine

integral of Eo around the circuit:

§ Edx=o0=¢ G +s I
TH TH
RI = T - d
{ 5,d { s dt
[ c

TH
/ (s, + s, )4t

T
c

This result is an example of Kirchoff's voltage law, namely, the sum of

emf's equals the sum of potential drops around a circuit. The term

involving the Seebeck coefficient (S) is an electromotive force due to

4.2
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5 thermal diffusion., If there are more than one n- and p-type thermoelements ST
connected series with several resistive loads, one can write ;~éd
T
z H
§RI = amp { (sp+ |Sn|)dT
c

Assuming one load resistance, RL’ the output power can be written as

RLIZ. To calculate efficiency, an expression for the heat absorbed by the

system is required. Transport theory leads to ;;;;
)
Q. = K.AT + (7). T - 4R_I2
i T pn’T I
H H
where R
A A Do
- (_I_l) (_R) [ ]
K = An L + Ap T . !‘ .
P )
L, A -
Ry =0, () +pp T
n P
(npn% = (sp + |sn()rH

There are three types of terms in the expression for Qi’ namely: heat
transfer; Peltier effects; and Joule heating.. The heat transfer terms

simply involve thermal conduction along the thermoelements. Thus, the

elements' thermal conductivities and aspect ratios are important parame-
ters. The term involving "pn refers to heat absorption, as described
by Figure 4-2. The third term is due to Joule heating. Basically,

one-half of the Joule heating in each element returns to the hot junction.

4.3 g
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The efficiency of the system is

) R I

Q4

It can be written as

-1 TH
I= (Rp +R) T{ (s+ [s T
_ ST
RI +
where S = Sp + |Sn| and RI is the internal resistance. Sn and Sp are
assumed to be constant with temperature. Using the above expressions for I
and Qi’

R s2(am)? (R, + RI)—Z

KAT + STHI - % RISZAT2

The expression for efficiency can be written as

M AT
n= 7 T
(14M) RIK + (14M) - %AT H

_ = T

2 H

TH S
where
M= R /R

Assuming TH and Tc are fixed, there are two quantities which can be
varied, RIK and M. The expression for efficiency can be maximized by first

determining values of parameters which minimize the product RIK, and then,

4.4
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FIGURE 4.2. Peltier Effects at Hot Junction. Heat is absorbed at junction by
electrons and holes entering the n-type and p-type thermoelectrics.

by finding the optimum value of M, for which n is maximized. After taking
these steps, one finds that the maximum efficiency is given by

Mo-I AT
= —f- —
"MaAX M+ (T_/T) T,
where
OPTIMUM .,
M =|VALUE OF|= (1 + z* T)
° M
2
s s
[(o3)? + (o 1]
and
A A
U ERBLINGYNCRNE
L L
n p
1y 1y 2
(R ypy = (AT + (0 237

One usually uses temperature-averaged transport parameters for each n- and

p-type material in calculations of power source performance. It is often

4,5
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convenient, however, to assume the n- and p-type materials to have the same

values for S, g and A. Then,

et

2 .

x = ‘£ Nt

z Z 3 -

The product ZT is dimensionless and has a value on the order of one for f!

efficient materials.

Figure 4.3 shows the efficiency of a single-stage thermoelectric gene-

rator, which operates between 300 K and the indicated value of T and

H,
for which the thermoelectric elements are assumed to have constant values
of ZT from 300°K to TH' For efficiencies greater than 10%, one must use

thermoelectric materials with ZT ¥ 1 over a AT = 300 K.

Thermoelectric generators based on two or more stages of =
thermoelectric material are clearly of interest for high efficiencies. A

particular thermoelectric material will have ZT = | only for AT =z 200 K to T

50 )
o~

T. = 300°K 4

30 }— 3

20}—

Max Efficiency, %

10—

0 -

0 500 1000 1500 2000 2500
Tu.K _.1
FIGURE 4.3. Calculated Maximum Efficiency Versus Tp for Tc = 300 K 5' uf;
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400 K, To construct systems operating over much larger values of AT (and
larger Carnot efficiencies), it is necessary to consider cascaded systems.
One approach to this problem may involve the use of thermoelements with

graded composition. Complex oxides, such as those materials considered in

this program, may be particularly suited to such an approach.

4,2 THEORY FOR MATERIAL FIGURE OF MERIT

The figure of merit (ZT) as defined in the previous section, indicates
the practical value of a material if used in a thermoelectric generator.
Theory of semiconductors allows one to go further in identifying desirable
materials for thermoelectric energy conversion. The transport properties,
S, 0 and A can be expressed in terms of more basic material properties. In
particular, the figure of merit can be written in terms of Fermi level,
carrier-effective mass, scattering parameters, etc. It is convenient to
discuss theory for the figure of merit for two kinds of semiconducting

materials, namely, broad-band and narrow-band semiconductors.

4.2.1 Broad-Band Semiconductors

The term "broad band" refers to the width of an electron band. Referring

to Figure 4-4, Ev is the width of the valence band. Electron states in

E:
Ey
XYY X
® o0 |
%" © AE.
o060 |
o 0.0 !

FIGURE 4,4. Electron Band Diagram for n-Type, Broad-Band Semiconductor.
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such cases are characterized by extended wave functions. Transport of
Il electrons in such bands can be described by particles moving through the

- crystal with an effective mass. The discussion here will refer to an

" 4

n-type semiconductor, as described in Figure 4.4. Similar results are

LN A
‘rts ‘e a0

P PR ]

obtained for a p-type material.

-. Transport theory leads to the following results for o, S and A:
0 = nep
. E
k f 5
e S= () g+ (r +3]
A=A+ A=A+ LoT
:ft where
=
. 2 19 -3
S n = - Nc F% (Ef/kT) Nc =2.5%x 1077 cm

™

r = Electron scattering parameter

: Al = Lattice component of thermal conductivity
il Ae = LoT = Electron component of thermal conductivity
L=(r+5) (0
2 e

k = Boltzmann's constant

. e = Absolute value of electron charge
. k/e = 86.3 uV/K
R F%(x) = Fermi-Dirac integral

The dimensionless figure-of-merit can be written as

" A (e, +r+2)2F ()
i 7T = f 2 ] £
K w!j+(r+2)AF1 (ep)
s f
2
where
K 2 Nc euT
A= Q) )
]
Eg
E = n——
£ kT

4.8
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The parameter A is dimensionless. In fact, it is basically ZT for a case
Ii where S = (k/e) = 86.3 pV/K, o = Nceu and A = AL (i.e., A is due only to

lattice conduction).

Figure 4-5 shows results for ZT versus €f for various values of A.

The optimum values for e_ are indicated. The scattering parameter (r) has

m been set equal to -1/2,fwhich corresponds to electron transport being

: limited by lattice scattering. The maximum value of ZT for a given
material depends on the material parameter A. To obtain the maximum value
of ZT, the optimum dopant concentration must be achieved. If the material

is n-type, then the required donor density N, is determined by setting

;3 N, = n, where n is determined by €g- ‘
A key question for thermoelectric material research concerns the
maximum value of ZT. To address this question, one can simply investigate
the possible value of A. Ure has addressed this question.(h'z) Hé
considered a large body data for thermoelectric materiais. Ure concluded
that if AQ = 0.004 W/cm K, then ZT values on the order of 3 to 4 appear

possible.

Values of Optimum & i

ras
[ O
0 1 1 |
" 0 1 2 3 4
. £
L— FIGURE 4.5. Calculated ZT versus ¢, for Values of the Material
Paranmeter A, and for Lattice Scattering (r = -1/2).
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Thermoelectric materials based on rare-earth chalcogenides are one
I class of materials currently being investigated as potential high- —7
femperature materials. Some of these compounds have exhibited values of )
g ZT > 1. These materials can be described by the broad-band model presented

in this section. Further efforts may lead to ZT values suggested by Ure.

I 4,2.2 Narrow-Band Semiconductors

Another class of semiconductors which is also important to thermo-
electrics consists of semiconductors with narrow bands. In these mate-

rials, the outer electrons of the constituent atoms are more localized. As

. RE

a result, only a narrow band of energy forms. The band width is directly
related to the amount of electron overlap. In the limit of widely-separated
atoms, the band corresponding to atomic orbitals reduces to essentially the

= energy level width.

LA L

Electrons or holes in narrow bands move through solids, either by
tunneling through a potential well, or by hopping. Above room temperature,
the hopping transport mechanism is dominant. Hopping mobilities are

i usually low, 0.l to 10 cmz/V—sec. The carrier density is often quite

| I

large, however. As a result, the electrical conductivity can be as large

in narrow-band materials as broad-band materials.

A detailed theory of the material figure of merit for narrow band
I materials has not been developed. However, each of the transport
properties can be expressed in terms of key parameters. The hopping
transport mechanism is usually by small polaron transport. Figure 4-6
illustrates the physical nature of small polarons, and an electron-band
) diagram useful for discussing small polaron transport. A small polaron
i refers to an electron and the polarized lattice around the electron.
First, suppose that an electron is claced on an outer electron level (say
3d orbital of a transition metal atom), as indicated by the shaded area in
;. Figures 4.6A. Since the electron is concentrated at a particular site, the -
surrounding positive ions are attracted toward the negative charge. As a

result, instead of the electron being on a level at Ec’ it is effectively -

at a level E, below the conduction band edge. In order for the electron to

b
move, it must receive energy from the lattice so that it can first undergo

| SR S T VAN

a transition to Ec and then move to another lattice site., This process is

thermally activated and is referred to as hopping.

4.10
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FIGURE 4.6. (A) Physical Description of Small Polaron.
(B) Electron Band Diagram Showing Polaron Transitions
Involved in Polaron Transport.

The mobility of small polarons is given by

-Eb
begr @ e ()

- where v 1is the characteristic frequency for high-frequency lattice

vibrations, "a" is the intersite distance for hopping. The density of

2; small polarons is usually fairly constant with temperature. Thus, the
. conductivity is given by(3'1)
Iy
0 = ney
) NoeV -1
" =T 2 exp (—Eb/kT) = Cc T exp (-Eb/kT)
- Usually o increases slowly with temperature. More importantly, it
' continues to increase even at very large temperatures,
g
4.11
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The Seebeck coefficient is given by e
. .
- S = A+ BT
where - ‘;ﬂi
- -
a=k zn[——z(l c)]
e c )
g
k, z J2 ]
B= () ==
e’ , E3 -
b
where
¢ = Fraction of sites occupied by a carrier
z = Number of nearest neighbors

J = Intersite transfer energy in hopping process

Eb = Binding energy of polaron.

A is usually constant. B is finite only if hopping occurs between
inequivalent sites. Thus, J = O for hopping between identical sites. If
J=0, then S increases with temperature. The behavior of S for small
polaron materials makes these materials potentially exciting for thermo-

electric applications. The borides, discussed previously, are an example

of such a material. Other narrow-band materials which appear interesting

to study are the perovskites, e.g., chromites. Preliminary results for ;
these materials are discussed in this report. f- :{i
.
Combining S, A, and ¢ for small polaron materials to obtain estimates - -
- for ZT needs to be done. Earlier work by Ure resulted in estimates for S
[ possible ZT values for mixed-valence oxides to be on the order of 0.1 to l. .
{f: He did not include the BT term, however, Thus, a key objective of future N :
- - 1
R work will be to carry out theoretical studies to estimate ZT for narrow- - 4
band materials. e
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2 5.0 TRANSPORT PROPERTY MEASUREMENTS

Accurate transport property data are required for understandiﬁg and
.. developing theories and models for thermoelectric materials. These data
X must be generated over a wide temperature range for each material structure :k5ff
and composition as a function of atmosphere. The methods used to measure .

the thermal conductivity, electrical conductivity, transference numbers,

and Seebeck coefficient are described. The technique for determining the o

! :; Seebeck coefficient is described in more detail since a novel method was

‘ developed for measuring accurate, absolute values of S at temperatures up -
to 1600 K.

5.1 ELECTRICAL CONDUCTIVITY (o)

B r The electrical conductivity is determined using a four-contact method, '” B
o Figure 5.1. Rectangular bars nominally 3.8-cm long and 3-mm square were

‘ positioned in a resistance-heated, Al1,0; muffle furnace with platinum .

‘ hardware. The direct currents and voltages are measured in both directions

i l using a digital voltmeter and a digital microampmeter, accurate to *13Z. ;"‘"‘
The emf is determined at each temperature and accounted for in calculating

the sample resistance. The coefficients of determination are generally

better than 0.98 at high temperatures and 0.95 at lower temperatures.

. . Measurements are made both on heating and cooling from room temperature to ;“
1650 K. The accuracy of the measurement is to within #17.
The data are fitted to both linear log ¢ versus K-'1 and log oK versus
K-l relationships. The fitted data are used to calculate the figure of
‘ . merit, )
5.2 THERMAL CONDUCTIVITY () SRR
The thermal conductivity is determined from the product of the thermal "
diffusivity, specific heat, and density. The thermal diffusivity (a) is |

(5.1-5.6)

measured using the flash or pulse technique. This method consists

of heating one surface of a thin sample disc with a short pulse from a ruby

laser. The heat passes through the sample and the temperature transient on

Ll U S ] T v T . -.-1'.'1 N - -
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FIGURE 5.1. Four-Contact Method Used to Measure Electrical Conductivity :;]f
- T
NN
the back surface is measured with an optical detector. The temperature ;:l
changes with times are recorded and a is determined from the shape of the S :k;i
curve, - :i{;
M)
The samples were heated in a tungsten resistance furnace inside a t )

water-cooled, copper jacket. The samples were supported in a sintered
Al,0; holder which was positioned in a tungsten tube inside the furnace . ‘ﬂﬁﬁ
cavity. A thermocouple was inserted inside the sample holder to measure : :
the ambient temperature. The temperature of the furnace was raised in
steps from 50 to 200 degrees with measurements made both on heating and SOl

cooling at each temperature step. Measurements were made in purified argon

at a slightly positive pressure. - .?}a

The heat pulse was provided with a 10 to 15 Joule ruby laser with a -

pulse time of 0.0014 seconds. The temperature on the back surface was ORI
measured with a liquid nitrogen-cooled, InSb, infrared detector. a :,Si
The time-temperature data were input into a transient waveform I

o |
recorder. The digital form of the curve was recorded on magnetic tape and T
5.2 e
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fed into a computer programmed to correct for heat losses and to calculate
Y the thermal diffusivity., The thermal conductivity was calculated from the »
' thermal diffusivity and specific heat, density, and thermal expansion data

provided to the program.

The conductivity data were fitted to a A-l versus K or polynomial

= curve, The fitted data were used to calculate the figure of merit.

The specific heat used for the calculation was obtained from:

1) reported literature values; 2) calculated values using the Kopp-Neumann

relationship where the Cp of a mixed component is equal to the sum of the

-

product of the individual compound constituents, and/or, 3) measured heat
capacities up to 1175 K using a differential scanning calorimeter (DSC)
with higher temperature values calculated from an extrapolation of the DSC
data, using the Kopp-Neumann expression for the same or like compounds. R ;;.
This value was verified using Debye's expression for Cp at high »
temperatures.
The density was measured at room temperature, Py and corrected for
temperature using measured thermal expansion values i;;;—

p = po(l + 3AL/L)_1

The precision and accuracy of the thermal conductivity data are within %57

and represent the largest error in calculating the figure of merit. S
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5.3 SEEBECK COEFFICIENT

A novel experimental apparatus was developed for determining the
Seebeck coefficient of potential thermoelectric materials and is described
briefly in this section. A draft of a paper describing the experimental
technique and apparatus in more detail is contained in Appendix B. The
Seebeck coefficient is determined by applying a temperature gradient along
the length of a rectangular bar or right-angle cylinder and measuring the
potential differences (AV) and temperature gradients (AT). The seme
samples used to measure the electrical conductivity can be used to measure
the Seebeck coefficient, The sample is positioned in the center of four
parallel Al,05 tubes, each with a Pt-versus-Pt=-107 Rh thermocouple emerging
from the side of the tube, Figure 5.2. The position of the thermocouple
varies for each tube so that a thermocouple contacts the sample at
different distances along its length. Four additional solid alumina rods
with a Pt wire wrap are used to maintain a parallel positioning of the
sample. The Al,05 rods are restrained at the bottom and a slip ring is
inserted over the top of the rods to force the thermocouple beads égainst
sample. An auxiliary, non-inductive, externally-controlled cylindrical
heater is inserted over the Al,05 rods at one end of the sample to provide
a controlled temperature gradient from 10 to 150 degrees K. The unit is
then inserted vertically in Al,0; muffle tube with controlled atmosphere
and heated inside a resistance-wound furnace. The multi-probe arrangement
allows the determination of six AT and AV about the average temperature
(Ta) values. The Seebeck coefficient for Ta is determined from the slope

of AV versus AT.

The experimental measurement with the sample in a vertical test

geometry minimizes the potential determinate errors resulting from
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non-isothermal radial heating in the sample thickness. Radial temperature
gradients introduce bias voltage errors that complicate the theoretical
interpretation of data, especially when more than one type of charge

carrier is present. In addition, the temperature gradient can be con-

trolled to provide the best accuracy optimized for Ta and S. The contact -

pressure of the thermocouple beads on holding the sample do not require -

drilling of the sample or the need for contact bonding. : i{< .

b The data acquisition system is computer controlled (Appendix B). The .- ‘ }}
leads from the thermocouples and Pt leads, which function as voltage leads,
are hard-wired to a computer-addressable scanner switch-box. Under computer
control, the eight potentials are switched to a digital voltmeter, then to

- the host computer for analysis and storage of the six AV and AT values about

Ta’ and the four temperatures. This process requires approximately five
seconds and allows repeated checks of raw data. Corrections to the raw
data are made for thermocouple calibrations and emf effects from Pt lead
wires (referencing to National Bureau of Standards), from which the absolute

Seebeck coefficient Ta and determinate errors are calculated.

|

1

Because of the rapid acquisition of data, measurements can be made
either at thermal equilibrium or during controlled changes in temperature,

i.e., <2 K/minute. This allows automation of measurements for any one SR

sample as a function of temperature, e.g., overnight. The data are quickly
processed by the operator at the end of the run. The acquisition, evolution >~ -
and storage of data, the calculation of S and errors, and the plotting and : :
printing are computer controlled, using a special program developed for this - ﬁi;f
purpose. The control of the furnace and auxiliary heater are presently : A

separately controlled but can also be computer controlled, if needed.

The absolute Seebeck coefficient is determined from the least squares
analysis of the six AV-AT data points. This computed value is preferred
over using either the origin as a datum point or force-fitting the data

through the origin, since these values may bias results. This is T
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especially true if more than one charge carrier is active and/or if }.iﬁ:ff:

heterogenous distribution of immobile ionic species are present.

The data output for each Ta is compiled and printed. Included are the
absolute temperature variation versus distance across the test specimen

(upper right), the plot of corrected AV versus AT, the absolute Seebeck

coefficient, the calculations using the origin as data points, and the L

associated errors. - )

The sources of error in the measurement of the Seebeck coefficient
have been assessed on the basis of indeterminate and determinant errors.
Indeterminate errors occur from system variation from assumed boundary O L o
conditions and other sources that are often difficult to recognize and ;ffj;.Ff

eliminate. Of the postulated indeterminate errors (Appendix B), the

largest potential source of error occurs from uncertainties in the
thermoelectric emf of the Pt lead wires; this translates into an
uncertainty of <57 in the absolute value of the Seebeck coefficient when §
is <100 AV/K. Determinate errors are associated with the measurement of
quantities used in calculating the Seebeck coefficient. These errors
result from inaccuracies associated with the measurement instruments used
(temperature sensors, voltage leads, multiplex scanner contacts,
microvoltmeter, etc.) The total 3 o error in Seebeck coefficient 1is
estimated to be $2.8%, which translates to a AV versus AT origin intercept

error (AT 0/AT Ma} of <2Z.

AvV »
The determinate uncertainties, along with time variations in Ta
are used by the controlling computer program to determine when isothermal
conditions within the test apparatus have been achieved. When the rate of
change 1in Ta is less than 2 K/minute; origin and 3¢ uncertainties are

within error analysis limits; and, reproducible emf measurements are

observed, the new data will be acquired by the computer and stored for

later analysis.
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5.4 TRANSFERENCE NUMBERS

In characterizing the high-temperature transport properties of oxide
ceramics, it is necessary to separate the electronic and ionic contribu-
tions to the total electrical conduction and to determine the dependence on

oxygen pressure. It is anticipated that most of the highly-conducting

materials considered as high-temperature thermoelectrics are primarily
electronically conducting. However, to fully understand the transport
properties and to develop models for thermoelectric materials, selective - ﬂjﬂ
studies of transference numbers are required. In addition, a more accvr te -
measurement at high electronic-transference number values is required than
what is now considered standard technique. Of the three experimental tech-
niques--electrochemical cell, polarization and coulometric titration

;< 0.9999)

necessary to the study of high electronically conducting’thermoelectric

cell--the latter offers the measurement sensitivity (0.00@ < t

materials.

The solid~state coulombic cell, Figure 5.3, 1is used to control the com-

position of nonstoichiometric phases, providing the direct measurement of

transference numbers and the determination of the mobility of charge
carriers. In addition, this technique minimizes the problems of polari- o 5iﬁ
zation and of the difficulty of measurements with transference number values :
>0.99 and <0.1.

Reference Working -
Electrode Electrode '_": . ‘.1
Glass Seal R
! ) 1 RSy <
Hes 0. Po, ~rRQr*o0: ~ 2
| | - I
Po, il - Nt Po, I
O -4 {= = Lo
O2 <R R N\ o
\ . :; S
Alumina T 11
. -\'-q
N
‘n.'..‘
() (&.)— Lo

FIGURE 5.3. Coulometric Titration Cell
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The coulombic titration cell uses separate reference and working elec-
trodes enclosed in an Al,03; tube to measure oxygen permeability. Oxygen is
pumped in and out of the interior of the cell by application of a known emf
to the reference CaO-stabilized ZrO, electrode. The oxygen potentials across
the working electrode are established at equilibrium and the measured change
in emf, ES, is used to determine the transference number. The mobility of
the minority electronic carrier is determined by the rate of change in ES
following a step change in Po,. This technique is being partially deve-
loped under a Department of Energy program. Several HfOZ-Pr02-1n203 composi-
tions are being evaluated at Marquette University using this technique for

applicability to this program and to provide measurement references.

5.5 LASER RAMAN SPECTROSCOPY

Laser Raman Spectroscopy is used to provide information on the molecu~
lar structure, stoichiometry and solid-~state phase transformations. These
data are especially valuable in determining changes due to compositional
variations and doping or atmospheric variations that relate to the trans-
port properties of high-temperature thermoelectric materials. Further

discussion is included in Section 6.0.

5.6 CALCULATION OF THE FIGURE OF MERIT

The figure of merit was calculated by:

2
S o
=—*
ZT X T

The experimental data for the Seebeck coefficient (S, u V/K), electrical
conductivity (o, ohm-cm)-l, and thermal conductivity (i, W/m-K) were

fitted to equations of the form:

S = A+ BT + CT2 + DT3
log 0 = A+ %
1 2 3
X—m or A+ BT + CT + DT

5.9
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Using a computer program, these equations were used to calculate ZT as a
i function of temperature. The calculated values for 2T, ¢, A, S and the
coefficients (A, B, C, and D) used to make the calculations are given in

Appendix A.
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6.0 EXPERIMENTAL RESULTS FOR OXIDE MATERIALS

]
.
]
.
i
]

The experimental results for different compositions of YCaCrOj,
YMgCrO5, YSrCrO;, LaSrMnO;, and HfOz(Zroz)—Rxoy—Inzo3 are discussed below.
In some cases, the relationship of transport property data to the theories

developed in section 4.0 is also discussed.

6.1 (In2932x’(sn022_1_x

Mixed oxides based on Iny0; and Sn0, were briefly examined as possible
thermoelectric materials because of their very high electrical conductivi- {
ty.(a) The materials exhibit properties characteristic of an n-type highly

degenerate semiconductor with high electrical conductivity and low thermal
conductivity. The electrical conductivity generally increases as the indium
¢ content increases with the greatest increase between 7 and 30 moleZ, Fig- ;"

ure 6.1.(6'1)

At higher In,03; concentrations, compositions of the electrical

conductivity increase is much smaller. A maximum conductivity is observed \-~<3
near 95 moleZ In,05 and is about 10 times greater than for pure Inz03. The ]

'[ Seebeck coefficient is negative and becomes more negative with temperature
in nearly a linear manner, Figure 6.2. The S values are typical of a

degenerate semiconductor or a metal. LTl

Thus, we may interpret S as being a result of transport of electrons

] in a degenerate broad band. For such a case, L j

2 A
k, kT 7.35 T LT
5 ) (3g5) WV/K S

) =— = (===
EF EF(eV)

u'.:l

s The conductivity data indicate the EF lies a few tenths of an eV into the L

conduction band.

et

(a) The fabrication, electrical conductivity and crystallographic studies
for these oxides were conducted under a U.S. Department of Energy
program at Battelle. Because of their significance, these data are
discussed here,
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FIGURE 6.3. Seebeck Coefficient Versus Inp0; Content

a l The Seebeck coefficient is plotted versus moleZ In,03 for mixed compo- —-1
- sitions Iny0; and SnO, for various temperatures, Figure 6.3. The data L
suggest that a phase change occurs near 507 In,03; and at about 307 In,05. ‘

[; The dependence of S with moleZ In,05 data for compositions between these
il f phases can be interpreted by considering S to be a result of two phases -fu-

acting in parallel. 1In such a case, the measured value of S is given by -

g bty

ol

- . - Slol + Sza2 Ll
b . o, + 9,

where ] and 2 refer to the two phases. In addition, the variations in o
.. with In,05 content also suggest that new phases are forming between 30 and
- 50 moleZ.

: The thermal conductivity for four measured samples containing 11, 16, B
i: 70, and 80 moleZ In 05 is low, Figure 6.4, <1 W/m-K. There does not appear i_i{
ji to be a consistent variation in thermal conductivity relative to In,0; for i}g
; {' the four compositions. It can be supposed that microstructural variations C:S
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FIGURE 6.4. Thermal Resistivity for (In203)x-(Sn02)1
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may be more responsible for the variation than the electrical transport
properties or composition. Further study is required to resolve these

variations,

The formation of a crystalline phase between 30 and 50 moleZ In,0; is
also indicated from x-ray diffraction and laser Raman spectroscopy. A
rhombohedral phase was found with x-ray diffraction between 30 and 42 moleZ
with 957 rhombohedral phase at 38.3 moleZ In,0;. Laser Raman spectroscopy
of sample surfaces after Seebeck coefficient measurements (Figure 6.5) shows
free SnO, and/or Iny03 except for the 50~507 composition, where a solid
solution is clearly indicated, e.g., only two spectral features at 489 and
678 wave numbers). Raman spectroscopy also indicates a compound between 30
and 38 moleZ Iny03. These results appear consistent with the electrical
conductivity and Seebeck coefficient measurements, specifically the maximum
in S near 50 mole7 In,0,, the relatively constant S between 30 and 40 moleZ
In;053, and the high o above approximately 30 moleZ In,05, and the sharp

decrease in o below 30 moleZ In,0,.
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The figures of merit for four Inz03-Sn0, are shown in Figure 6.6. For
the 11, 16, and 80 moleZ In,03, the values are very low, <0.0l1., However,
for the 70 moleZ, ZT is small at low temperatures and approaches 0.1 at
1200 K. Although X was not measured for 50 moleZ in,03, assuming a value
near 3 W/m-K, the figure of merit is about 507 higher than that for the
70 moleZ Inp03. However, ZT values are low as expected for this
broad-band, degenerate semiconductor. For these materials to be of

practical interest, the Seebeck coefficient must be significantly larger.
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6.2 CHROMITES

A large number of oxides crystallize in the cubic ABO, perovskite

3
structure or slight distortions thereof. Many of these materials exhibit
semiconducting behavior when doped with divalent metals. In particular,
moderate Seebeck coefficient values and high electrical conductivity have

(6.2) Since there can be several

been reportéd for some of these materials.
components in a given compound, it is possible that the lattice component
of the thermal conductivity can be reduced to a relatively low value.
Thus, these materials appear to have good potential as a thermoelectric
material. In addition, these compounds appear to be nondegenerate and are
narrow-band semiconductors. Thus, the perovskites were chosen as a class

of materials for detailed investigation.

Preliminary results have been obtained for Y xCaxCr03, Y _xerCros,

1- 1

and YngCrl_XO3 compounds. The first class of materials have a divalent :

impurity substituted on the A site, while the second class have a divalent
impurity substituted on the B site. Preliminary experimental results for

the electrical transport properties of these materials are reported and the

results are discussed in terms of the theory developed in Section 3.0, -

6.2.1 Y, _ Ca Cr0,

Electrical and thermal conductivity, Seebeck coefficient, and calculated

figure of merit have been determined for three levels of calcium concentra-~
tion, Figures 6.7 through 6.10., The electrical conductivity and Seebeck
coefficient both increase with temperature. The electrical conductivity S

for x = 0.02 and x = 0.1 can be written as

E
-1 A -
g =a, T exp (ET)

The electrical conductivity data for x = 0.2 suggest that two conduction

mechanisms are involved, as indicated by the two liner variations of Log o -

6.7 =
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versus K1 at high and low temperatures. However, it appears that the same
activation energy that fits the x = 0.02 and x = 0.1 data is appropriate at
lower temperatures for x = 0.2. The Seebeck coefficient for x = 0.02,

x = 0.1, x = 0.2, can be expressed as
S = A + BT -

up to 1200 K.

These results strongly suggest that electrical transport in this class
of perovskites is due to small polaron conduction. The value of B is not
very sensitive to the composition, As discussed in Section 4.2, B is

proportional to J2, where J is the overlap integral between hopping sites.

S
Apparently, J 1is not changing significantly with x, or there are . :'f:

X
“
»

compensating effects. -

P A .-._
CaxCr03 is shown in Figure 6.11. As x is Y

The parameter A is dependent upon the location of Fermi level, E

possible band structure for Yl-x

increased, the hole concentration in the m-band increases due to formation — o]

of Cr4+ sites. As a result, EF moves closer to the w~band edge, which - R

decreases A.

Future work will involve further theoretical and experimental studies

Il of these materials. Eventually, formation of a model for this system and

similar materials, such as the Lal_xerCroa will lead to an approach that

yields materials with larger oS~ values. It will be particularly important

to understand changes in transport properties which result from

substitution of divalent ions on either A or B sites. o

i

6.2.2 ¥ Mg Cr, 0, e

ragib ol

»

The electrical properties for this class of perovskites can also be

interpreted in terms of small polaron transport. For these Mg-doped

chromites, it is reported that Mg is introduced on only the B—sites,(6'3)

° '—'v .
LI e %’
. ..U

whereas Ca was introduced on the A sites for Yl_xCaxCros. The electrical
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FIGURE 6.11. Proposed Band Model

conductivity, thermal conductivity, and Seebeck coefficient (Figures 6.12
through 6.14) decreased with increasing Mg. The figure of merit was not
greatly affected by varying the value of x (Figure 6.15). The parameter A
also appears to increase as x increases from 0.02 to 0.05. Further
investigation of these Mg-containing yttrium chromites is required before
an adequate model can be developed to account for the transport property
differences due to variations in composition and substitution on the A or

B sites.

6.2.3 Y., Sr CrO,
=l-x—x-—

The transport properties for Y xerCr03 materials exhibit different

behavior. The electrical and therm;i conductivity and Seebeck coefficient
for x = 0.2 vary with temperature in a similar manner as the other A site
substituted chromites, Figure 6.16 through 6.18. A possible interpretation
of the x = 0.2 data could involve small polaron transport. In the case of
x = 0.1, the Seebeck coefficient data could be interpreted as being due to
"hole" transport in a broad band. Thus, it appears the type of transport
for x = 0.1 is different from x = 0.2, The figures of merit for the two

chromite compositions are also significantly different, Figure 6.19.

It is reported that as the metal doping concentration of Ca, Mg, or Sr

in LaCrO; increase, the perovskite structure reverts to a rhombohedral

6.3
structure.( ) This structure change occurs near x = 0.1 for Lal_xerCrOB.
6.11
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This change in crystallographic structure could significantly influence the

' defect structure and electronic transport and account for some of the

results observed in this study. Similar changes can be expected for the

I
[T S S B

isomorphic YCrO3 compositions.

v

The Raman spectra for the two Y _XCaxCr03 compositions after heat treat-

‘ ment to 1775 K in air show distinctldifferences as well as similarities.
The Raman spectra results suggest that YO.BSrO.ZcrO3 exhibits weaker oxygen-
to-metal bonding and possible differences in crystal structure (i.e., forma-
tion of the rhombohedral structure). The significant differences in

z electrical conductivity, thermal conductivity, and Seebeck coefficient
suggest that the crystalline structure and/or metal-oxygen bonding of the

unit cell has important effects on all transport properties.

~ 6.2.4 Chromites General

‘!

The yttrium chromite results for all compositions are summarized in
Table 6.1. The initial theoretical modeling of test results indicates that
the transport mechanism for the chromites is by small polaron transport,

' regardless of the substitutional divalent foreign cation on the A or B site

Tal

(i.e., Mg, Ca, Sr). The thermal conductivity does not appear to be hig:ly
sensitive to divalent doping on the A or B site, although a trend toward
decreasing conductivity from approximately 3 to 2 W/m-K is observed upon
I increasing the divalent cation size (i.e., ionic radii: Mg = 0.694; 3
Ca =0.99 &; Sr = 1.13 &; Ba = 1.35 &). The increase in thermal conduc-

tivity for Y xSrCrO3, going from x = 0.1 to x = 0.2, appears associated

1-
with a phase change in the material.

Further studies are warranted to understand the effects (if any) of A-
versus B-site substitutional doping on small polaron transport and Seebeck
coefficient. The effects of lattice stress (relaxation of the unit cell
versus elongation of the unit cell) are also an an area that requires
further theoretical and experimental investigation. Increasing lattice -
stress can cause changes in the perovskite structure which has 12 and 6
coordination by oxygen ions for A and B sites, respectively, to 6 and 6
coordination for A and B sites when the su%gezged rhombohedral structure is ) ;?;3
. DR

formed by increasing dopant concentration. The structural induced e

‘.l
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TABLE 6.1 Summary of Preliminary Chromite Test Results at 1000 K in Air

g A S ZT

System ABO, 1 /ohm-cm W/m-K uvV/K (1000 K)
Y Mg0.02cr0.9803 0.516 3.17 383 0.0024
Y Mgo.05Cr0.9503 0.254 2.74 389 0.0014
Y 0.95Mg0.05Cr03 0.254 3.11 389 0.0012
Y0.98Ca0.02CrO3 1.83 2.98 489 0.0146
YO 9Ca0 1CrO3 1.41 2.08 322 0.0073 Run 1

) ) 1.41 2.00 355 0.0089 Run 2
Y0.8Ca0.2Cr03 1.57 2.33 295 0.0058
Y0‘9Ca0.lCrO3 0.458 2,23 563 0.0065
YO.SSrO.ZcrO3 0.164 2.91 301 0.00051

change may be responsible for the observed decrease in ZT with increasing x
in Yl_xMXCroa with M = Mg, Ca, and Sr (Table 6.1). Theoretical modeling of
electrical and thermal transport properties needs to consider associated

effects of structural variance.

6.3 Hf02(2102)-R 0 'Iﬂ203
—_ X—y =

3 compound represents another class of highly conduc-

ting oxides for high-temperature thermoelectric materials. Previous studies

The Hf0,-R_O -In,0
Xy

have shown these oxides and the isomorphic ZrO, compositions exhibit high
electronic corductivity and low thermal conductivity with high-temperature
stability. In addition, they represent a different class of oxides with
pyrochlore and rhombohedral structures than indium-tin oxides or chromites.
However, the thermoelectric properties have not been studied. Previous
work has been conducted on these oxides under DOE preograms for advanced
energy conversion for fuel cells and MHD, and these background transport
and phase equilibrium data are used as a base for studying the thermo-
electric

application.

Two compositions that had previously exhibited high electrical conduc-
(6.5) were selected for study, 0.30 Inz03+0.033 Yb,03 0.20 Pr0,+0.467
(MMM) .

tion

HEO; (LLL) and 0.433 In05+0.036 Y505+0.035 Tb,0,+0.496 HfO,
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Because of the differences in composition and structure, differences in o,

A, and S were expected and observed, Figures 6.20 through 6.22. - The MMM
composition exhibits higher electrical conductivities and lower Seebeck coef-
ficients with resultant higher figure of merit, Figure 6.23, However, the
moderate o values and S values <100 pV/K result in ZT values of less than

0.01 for both LLL and MMM, even at high temperatures.

The Seebeck coefficients are negative with values below 100 uV/K.
Both exhibit a maximum value near 900 K, Figure 6.20, which corresponds to
the temperature for the change in slope of the log o versus K-l curve for
the LLL sample, Figure 6.22. The LLL is a two-phase oxide with pyrochlore
and fluorite phases. This two-phase structure may explain the above results
and also suggests possible compensating effects for the thermoelectric proper-

ties or changes in conducting mechanism.

Other compositions of HfOz—Rxoy-In203, now being studied under the DOE
programs, have higher electrical conductivities and are single-phase oxides.
In addition, compositions of ZrOz-RxOy-Inzoa with single-phase structures
are also being prepared for study under the same programs. The thermo-

electric characteristics of these materials will be studied when availasble.

6.4 MANGANATES

A specimen of La0 9Sr0 anoz was investigated to determine the
electrical/thermal properties of this perovskite-type structure. Thermal

conductivity, electrical conductivity and Seebeck coefficient were measured

over a range of temperatures from 473 to 1373 K. A high electrical conduc-

tivity (ranging from 56.2 to 13.2 (ohm—cm)n1 that increases with increasing

temperature) was offset by a low Seebeck coefficient (ranging from +21.5 to = T
+29.01 uV/K, respectively). The measured thermal conductivity variation of . ;:EJ
1.43 to 2.50 W-m K with temperature, however, is consistent with values i l j;
observed for other oxide systems (i.e., sections 6.1 to 6.3). The Seebeck ;:  £33
coefficient was positive, indicating the major electronic carrier in this -

material was holes. The figure of merit ranged from a maximum of 0.006 at
1373 K to 0.0009 at 473 K.
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7.0 FUTURE DIRECTION

Future research will focus on a more in-depth study of narrow-band
oxides that conduct predominantly by small polarons. The chromites

(A Cr0O3) will initially be emphasized and a composition matrix (Table 7.1)

a has been prepared as a guide to evaluate the effects of divalent and tri-
valent cation substitution on the A site. The variations in divalent
cation size (M<Ca<Sr<Ba) can relate to the localized lattice distortion on
small polaron transport and as the base for better understanding the theo-

l retical model. -

Thermal property measurements will be used to evaluate ways to
increase ZT by decreasing A. The variation in trivalent cation size
(Gd<Y<La) on the A site, in addition to affecting the transport of small
» . polarons, will change the thermal transport properties through lattice »
b distortion. By generating localized disorder in the unit cell, increased

phonon scattering may result in the desired decrease in thermal conduc-

tivity. Substitution of trivalent atoms on the B site may also increase

phonon interaction and reduce A. ?

Studies will also continue on the other oxide systems now being
investigated and on other material systems, such as the rare-earth sulfides n:Ef-
and oxy-sulfides. The sulfides are known to exhibit high electronic conduc- :

(3.3 These materi- iﬁ

tion with lower thermal conductivity than the chromites.
als are n-type conductors. The introduction of oxygen into the sulfide u tff
lattice, because of the difference in anion size, can potentially reduce R
the thermal conductivity without significant reduction in ¢ or S. The

effects of oxygen in the rare-earth sulfide on the transport properties »

need to be studied.

Structural information using laser Raman spectroscopy will also be
generated to provide determination of the effect(s) of divalent/trivalent
doping on the structure and phase composition in these materials. Exten- ]
sion of this optical probe technique to equivalent temperatures (as high as

1800 K) assoclated with the electrical/transference/thermal property mea-

surements will be assessed.
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TABLE 7.1. Future Chromite Matrix Study

ABX3 : (AxAl_x)Cr03

A site divalent cation substitution: effect on electrical transport

properties
¥0.98M80. 020703 ¥0.95%30.05¢70s
Y Mg CrO3 increasing Y Ca Cr04
0.90"80. 10 0.875%%0.125

¥9.85M"80,15¢70s ¥9.85030.15¢70s

on

1

Ry

Y0.985%0, 026703 v0.99839, 01703
¥0.955%0.05¢T03 size Y0.98820.020703
¥0.9255%0.075¢703 ¥0.95830.05¢70s
¥0.905%0,1¢%0s
¥0.855%0.15°%03

A trivalent cation substitution A Site: effect on thermal/electrical
transport properties

( ) Cr03

¥9.5%%0.570.985%0.02

(¥Y5.5%40.570.98570. 0260

(Lag 5Gdy 54, 9857, 20T 03

La, 985%0.02C7%
Lag, 95570, 050705

Lag 9255%0.075%703
Lay 905%0.10%03
Lag §55%9. 1570

LaO.BSrO.ZCrO3
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The effect of oxygen pressure on the electrical and thermal transport
properties and thermodynamic stability of chromites will also be
cunsidered. Determination of variances in o, S and mobility with
decreasing oxygen partial pressure will be made on a limited number of

chromite compositions. S

The experimental studies will emphasize electrical and thermal

transport measurements as well as some preliminary transference property

measurements on selected compositions., The transference data will provide

Ty
P .

pt

information on the mobility, of major charge carrier and using different
divalent cations, the effects of unit cell strain on the mobility can also

be assessed. This type of information can provide insight to the mecha-

———

nism(s) of small polaron transport and scattering. Initial transference
- number evaluations will be made at Marquette University and will provide

ii r standards for later measurements made at Battelle.
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CALCULATED THERMOELECTRIC PROPERTY DATA

This appendix contains tables of electrical conductivity, (o, sigma),
A thermal conductivity (A, lambda), Seebeck coefficient (8), and

» dimensionless figure of merit (2T) calculated at different temperatures (T,
-~ K) using the coefficients determined from the fitted data. Because sigma
» and sigma*T data were fitted separately, the calculated values are slightly
different. In addition, the computer program did not print out the entire
coefficient used to calculate the thermoelectric properties. There will be
a difference between the properties listed in these tables and those
calculated using the listed coefficients. The computer program is being
revised to eliminate this problem; in the meantime, the authors will be
happy to supply the coefficients used to calculate these thermoelectric

f properties. The properties were calculated by:

log (sigma) = A + B/T
log (sigma *T) = A + B/T

lambda = 1/(A + BT)

K S = A + BXT + CAT> + D*T°
Z = (Sz*sigma)/lambda
ZT = [(Sz*sigma)/lambda)*T
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L 1400 17545324, 1727181 -8,.23E-8 94,48&8E-7 £,252€-4 1400
. 1500 1228112, 2359404 -T7.42E-4 3.104E-7 4.,&SSE-4 1500
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s THERMOELECTRIC PROPERTIES _
h C
X MATERIAL:Y.93CA.02CR03 TEMP RANGE. K
SAMPLE #:M16&A MIN: 820
-
NOTES : MAX 3 1259 -
PROPERTY  UNITS COEFFICIENTS MINIMUM  M&X IMUM
A B c D TEMP K TEMP K
LOG SIGMAL/OHM-CM  .68497  -421.814 XX XXX 820 1559
LOG SIG*T1/0HM-CM 4.179837 -904.814 XXX XXX 820 1559
LAMBDA  WATT/M-K .088744 2.464E-4 XXX XXX 553 1758 -
5 UK 7.485E-4 -9.83E-7 1.043E-9 -3.4E-13 431 125% =
CALCULATED PROPERTIES: o
4
TEMF SIGMA  SIGMAXT  LAMBDA 3 z ZxT 5
K 1/0HM=CM 1/0HM=-CM WATT/ CM-K  U/K 17K
300 1.437614 1118.972 0349831 4.480E-4 9.001E-$ .0072005 R
00 1.445463 1494.473 .0322074 4.744E-4 1.159E-5 ,0104353 |
1000 1.832974 1883.748 .0298397 4.877E-4 1.461E-5 .0145081 ¥ -
1100 2.002179 2274.558 .0277963 4.997E-4 1,799E-5 .019785% ERe
1200 2.155056 2465.786 .0250148 S.105E-4 2.159E-5 .0259084 ]
1300 2.293495 3046.476 .0244480 S.180E-4 2.517E-5 .0327256 T
. 1
-x - 4‘4
“ -
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b THERMOELECTRIC PROPERTIES 1
. ,::%
-——3
MATERTAL v . 9CA, 1 CROS TEMF FAMGE. ¥ 4
SAMPLE #:AF0S-R2 MIN: 244 ok
e
MNOTES: M s 110 ]
E A

FROPERTY  UNITS COEFFIICIENTS MINIMUM M TMUM

A B c D TEMP K TEMP K
LOG SIGMAL-OHM-CM  .7453%  -595,153 XXX X3 S11.15  1530.45 .
4
LOG SIG*T1/0HM=CM  4.141136 -965.598 XX XXX S11.15  1530.s5 - -
4
LAMEDA  WATTAM=-K 21522  2.849E-4 XXX KK S50 1510 E
S LK S.714E-4 -8.21E-7 B8.24E-10 ~2.5E-12 $&4 158 g

e 3

CalCULATED PROPERTIES:

21 GMe SIGMA=T  LAMBDS = Z
K 1/0HM-CM 1/0HM-CM WATTCM-K

—— . —— — ———— ——————— o —— - ——— - —— — ——— i — " ——— — . ———— ——— — —— — ——— ———— ——— ——————— o —— o

£00 .S442402 340.2587 0258971 2.211E-4 2.25&E-& 0013538 400
San L FRSS3ZIT STYLFI42 0241178 3.1490E-9 2.212E-4 .00zz2481 P00
200 1.003228 259,2922 ,0225473 3.128E-4 4,351E-4 0034504 S00
500 1.21367% 1170.177 0212042 3.140E-~4 S.71SE-& .005143% 700 —
1000 1.413294 1498.097 0199943 3.220E-4 7.329E-4 .0073286 1000 p
1100 1.400202 12233.470 ,018%184 3.293E-4 %.178E-& .0100%&1 1100
1200 1.775928 2170.G63 0179511 3.345E-4 1.120E-S5 .01344Z27 1200
13200 1.7238994 2502.474 .0170778 3.41%E-4 1.328E-5 .017253& 1300
1400 2.090431 2827.441 .0162855 3.442E-4 1.S521E-5 .0212900 1400 .
15800 2.221410 2143.493% 0155435 3.417E~9 {1 .4794E-5 .02510%5 1500 . *
1500 2.3427432 3442.562 .0149028 3,329E-4 1.757E-S .0281172 1400 )
- T
b - T
A -4
- 2
s::\ -"’
= -]
b !
D
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e
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THERMOELECTRIC FROFERTIES

METERIAL Y W PCAGLCROSE TEMF RAMGE, K

SAMPLE #:AF0S-R1 MIN sad X

NOTES:: ‘ Mesx 1510

FROPERTY  UNITS COEFFIICIENTS MIMIMUM M TMUM
A B C D TEMP K  TEMF K -
LOG SIGMAL-0HM-CM .74539  -595,.158 XXX 3K S11.15 1530.s5 !
LOG SIGH*T1-OHM-CM 4.141136 -9&5.57& XXX KK S11.1S5  1S30.45 |
LAMBDE  WATT-M-K 21522  2.84%E-4 XXX WK S50 1510 .
= LK 2.242E~4 1.3S3E-7 -S.0E-11 -7.7E-15 &&d 1S2é T
CHLOULATED FROFERTIES: Ll
TEMF SIGMA  SIGMA*T  LAMEDA 3 z 2sT TEMF -
K 1/0HM=-CM 1/0HM=CM WATTA/CM-K WK 17K K g
400 .S£48402 340.2587 0258971 3.17SE-4 2.207E-& 0013240 &00 w
700 LTESS33I7 SP7.T142 .0241178 3.ZESE-4 2.S22E-& 0024853 Tad Wonh
200 1.003328 359.2722 .02254732 3.332E-4 S.104E-s .004033% =200 -
500 1.21387% 1170.177 .0212042 2.47SE-4 &.910E-4 .00&421%4 %00 - T
1000 1.4132%4 14%8.097 .0199943 3.547E-4 2.891E-6 .0088904& 1000 ,
1100 1.400202 1832.470 .018718& 3.404E-4 1.09%E-S 0120902 1100
1200 1.775928 2170.083 0179511 3.544E-4 1.315E-5 .0157845 1200
1300 1.938994 2502.474 0170778 3.672E-4 1.5%2E-5 .01%91231 1200
1400 2.090431 2827.441 .01&2855 3.4834E-4 1.742ZE-5 .0243873 1400
1500 L221410 3143.43% 0155435 3.478E-4 1| .925E-5 .02%0520 1500
1400 2.262743 2448.543 .0149028 3.855E-4 2.118E-5 0338243 1400 - -
A.10

IR
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THERMOELECTRIC FROPERTIES
MATERIAL:Y . SCA, ZCRO2 TEMP RA&HGE. K -
SAMPLE H:iaF04-R2 MIN: 442 B
MOTES: LOW TEMP ELEC COND REGION M s 1180 2

FROFERTY UNITS COEFFIICIENTS MIMIMUM  MAK TN

s A B c o TEMP K TEMP K
b em e e e e e e e — - —
1 ' LOG SIGMAL<0OHM-CM  (7?7555882 -540.140 KX KKK S13 1130
LOG SIG#*T1-0HM-CM  4.0831491 -284.417 XX AKX 515 1180 -
LAMEDS  WATT/M-K 157852 2.707E-4 XXX XX 528 1443
LK 1.111E-4 3,332E-7 -1.8E-10 Z2.42E-14 &492 1558 %
CALTULATED PROFERTIES: “j
TEMP SIGMAS SIGMA=®T LAaMBD&A 5 Z Z*T TEMF —
K 170HM-CM 1 -0HM-CM WATT.CM-K UVAK 17K K -
S00 A837747 40&.5450 03212318 2.534E~9 | .385E~-4 R.1Y0E-4 00 :jih
s LPO22FRZ A40,.21%51 (0287954 Z.&F2E-4 Z.2Z232E-4 0015444 FOQ R
sao 1.1380%72 949 ,74748 0247120 2.788E-4 3,.301E-¢& ,002s840% 300 ';ﬁf
e 1.2358%73 1240.,240 .02470%5 2.877E-4 4.514E-4 .0040447 700 it
1000 1.5482370 1580.2358 .023334% 2.947E-4 S5,.83%E-4 .0052328 1000 -
1100 1.74323477 1901.620 .021747& 2.998E-4 7.222E-4 .007944% 1100
1200 1.7444387 2218.835 .020715%9 3.031E-94 B8.424E-s .0103484 1z00
A.11 B
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THERMOELECTRIC PROPERTIES

FRTERIAL i . 2CH ., 20RO
SAMPLE #:AF0S-R2
HQTES ¢ HIGH TEMF ELEC

FROFERTY UNITS

COND REGION REGIOM

COEFFIICIENTS

TEMP RAMNGE. K

MING

M s

MINIMUM
TEMF &

118&0

1443

ME TMUM
TEMP K

——— ——————— ———————— ————— " ———————— - ——— —— - ——— - ————————

LOG SIGMAL-DHM-CM 1.471727 -1382.14 XXX KKK 1180 1552
LOG SIG*T1/0HM-CM S.03§732 -1979.78 XXX KKK 1180 1552
LAMEDA  WATT-M-K 157452 2.709E-4 XXX (X szg 1445
5 LK 1.111E-4 3.332E-7 -1.8E-10 2.62E-14 £42 1558
CALCULATED PROFERTIES:

TEMF SIGMA  SIGMAST  LAMEDA 5 z ZsT TEMF

SOHM-CM 1/0HM-CM WATT/CM-K WK

1100 1.6414698 17327.5321 .0219474&
200 2.02%301 2454,.233 .020715%
1200 2.552122 3227.1%70 .0195152
14a0 Z.0S17200 4222,823 .013825S

1500 3.9510s2

5246.415

0177309

2.993E-49
2.021E-4
3.043E-49
3.050E-4
2.038E-4

e =

(OO T SV I S Y

N

rnmrpmm
o o o

£ MO
I TN I N <

LA0T39E
ID DS
015772
2021232
027731

00 k) ™ o~ 0

1100
1200
1200
1400
1500

i

" 1N

]
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L THERMOELECTRIC PROPERTIES
-
-1~ MATERIAL:YMG.02CR. 9803 TEMP RANGE, K
- SAMPLE #:M163~144-R2 MIN: 352
*  NoTES: MAX 1 1502 .
= PROPERTY  UNITS COEFFICIENTS MINIMUM  MAXIMUM -
. A B c D  TEMP K TEMF K ¥
B e e e - o ——— - = s T >~ = A . — - —— ——— — - - — — — — .4
!: LOG SIGMAL/OHM-CM  .094633 -383.882 XXX ¥XX 852 1545 - d
- LOG SIG#T1/0HM-CM  2.5%304 -875.021 XXX XXX 852 1545 ‘
= ]
L LAMBDA  WATT/M-K  .215081 1.00SE-4 XXX XXX 538 1220 '
- s VoK 1.818E-4 3.572E-7 -2.0E-10 4.84E-14 &17 1502 -
] -1
CALCULATED PROPERTIES: S
o TEMP SIGMA  SIGMAXT  LAMBDA 5 z z*T
o K 1/0HM-CM 1/0HM-CM WATT/CM-K  U/K 17K
= - a0 4137908 315.4926 .0338450 3.817E-4 1.59PE-& .00127%&
& 500 4478404 417.6332 0327318 3.732E-4 1.971E-& 0017717
48 1000 5141207 522.4196 .0316896 3.833E-4 2.393E-& 0023927
. 1100 5573041 627.4322 .0307117 3.922E-4 2.301E-& 0030811 oy
- 1200 5930418 730.8971 .0297923 4.002E-4 3.215E-6 .0038577 R
S 1300 6327062 331.4628 0287244 4.074E-4 3.435E-4 0047258 AR
< 1400 . 56644032 929,020 .02810%4 4.147E-4 4.045E-& .0056714 =
1500 6929858 1022.570 0273373 4.218E-4 4.5{1E~& 0047843 R
1
- -4
-1
-
¥
-
-~
’
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THERMOELECTRIC PROPERTIES

= MATERIAL :¥MG.OSCR, 7503 TEMF R&NGE, K
=
- SAMPLE #:M1&5-A/AF11-R1 MIN: 754
MNOTES: MAX : 1421
PROPERTY  UNITS COEFFICIENT MINIMUM  MaxIMUM
A B C D TEMP K TEMP K
LOG SIGMAL/OHM-CM 1525447 ~747.130 XXX XXX 490 1546
LOG SIG»*T1/0OHM-CM  3.541845 ~1109.10 XXX XXX 430 1544
LAMBDES  WATT M=K (1245571 ,0001948 XXX KK 754 1473
= MK 4,353E-4 ~-3.89E~7 S.29E-10 -1.PE-13 427 1421
CALCULATED PROPERTIES:
TEMF SIGMA  SIGMAx*T  LAMBDA 8 Z 2sT
K SOHM=CM 1/0HM-CM WaTT/CM-K WK 17K
500 .0455286 21.0S%04 .0444514 3.497E-4 1,247E-7 &§.233E-5
£00 L0807244 47.33324 .04107284 3.S20E-4 2.427E-7 1.442E-4
700 .1214790 90.41744 .0380348 3.S583E-4 4.107E-7 2.875E-4
(] . 1854367 142.974% .0354111 3.474E-4 &,.30SE-7 5.044E-4
200 .2100874 203.8487 .03312s61 3,781E-4 9.045E-7 8.1S9E-4
1000 .254339% 270.7333 .0311180 3.893E-4 1.23%E-& .00123%0
1100 .2973762 341.4831 .0293395 4.001E-4 1.822E-6 .0017846
1200 .3387944 414,3737 .0277533 4.091E-4 2.043E-4 .0024517
1300 .3782937 488.0772 .0243298 4.1S4E-4 2.479E-4 .0032222
1400 .4157940 S41.4014 ,0250453 4.177E-4 2.897E-4& .0040552
A.14
..... T e T L e T L
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THERMOELECTRIC PROFERTIES

MATERTAL v . 73R, L CRO3 TEMP FeNGE, ® T

SAMPLE #:aF01-R1 MIR

o
oD

._.
X\

HMATES: HIGH TEMP ELEC COMND REGIOM S R

PROPERTY  UNITS COEFFIICIENTS MINIMUM MK IMUN o
A E c D TEMF K TEMP K
LOB SIGMAL/OHM-CM  1.128205 —1865.82 o o0 1283 1544
E © LOG SIG*T1/0HM-CM  4.711722 -2274.52 XXX KKK 1283 1544 -;!j
o LAMBDE  WATT M-K 1355246 3.115E-4 XXX K 08 F50)

LASK -.001359 S5.080E-& -4.15E-%? %.99E-13 702 1538

o

. CALCULATED PROPERTIES:

TEMP S GMa SIGMa=T  LaMEBDA s Z 2T TEMF
K 1-0HM=CM 1 CHM~CM WATT.CM-K LK 1K K L “%

1200 .S495447 $52.5440 (0194175 4.7S0E-4 §. 1200

1200 TOZ7SZS $12.1747 0124845 4.122E-4 &, 1200

1400 LB474232 1217.972 0174782 3.430E-4 5. 1400

1500 1.041492 1543.303 .0165754 2.742E-4 4. 1san )
1400 1.221984 1944.904 01574607 2.120E-4 3 1400 f””f

P SPSAS,

v
=
e e




THERMOELECTRIC FROPERTIES

MSTERIAL:y . ®SR.OICROZ TEMP RaHGE. K
SHMPLE HinFOL-RI MIMe S02
NOTES: LOW TEMP ELEC COND REGIDN MR : F70
PROFERT Y UNITS COEFFIICIENTS MINIMUM  MeccTMUM

& B c G TEMP K TEMP K
LOG SIGMAL/OHM-CM 2152599 -554.555  xxx  Xxx  5e&5 1252
LOG SIG=T{. 0HM-CM 3.3583142 -712.41% KKK KK 545 1

LAMBDR  WATT/M-K . 135526 3.119E-4  XxX KKK s08  §90

(X))
x.
|
o
o
Q)
[}
0
N
[}

I20E-4 -4.15E-% ¥.7SE-13 708 15

- e

Vv

CRLCULATED FPROFERTIES:

TEMF STG6MA SIGMR=T  LAMBDA B Z ;
M=~-CM 1 0HM=-CM IWATT.CM-K VoK 17K K

-1
4
b 3
.-‘
—
m
-
mn
‘of

"~
=

0 2442932 190.4174 .0282&27 S.037E-4 Z.272E-<& .001sedd FOu
00 IIZT414 277.1012 (0259735 S.SEEE-4 2.9T7ZE-s 00317 Ts Z0Q
P00 LIPTR028 270.9910 .02402732 S.747E-3 S.941E-& 0047147 200
10000 4578734 4683.593&63 0223529 5.83ZE-4 &.4F7E-& ,00&d4%52S (000 »
= =
8 _ ]
. ‘ 1
o
.\‘
-3
. _
A . 1 6 - - N
o T B RN R AT N NN NN
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THERMOELECTRIC FROPERTIES

MaTERIAL : Y . 95R . 2CRO3 TEMF RaMGE. K

L SHMPLE #:AF0Z-R1 MIN: 1172
NOTES: HIGH TEMP ELEC COND REGION MEX 3 1424

Y PROPERTY  UMITS COEFFIICIENTS MINIMUM M TMLUM

A B c D TEMP K TEMP K
LOB SIGMAL/OHM-CM  2.178193 -3418.62  xxX xx< 1172 1538
Fi T LOG SIGHTIS0HM-CM  S.742102 -3598.93 XXX KX 1172 1538
LAMBOE  WATT/M-K  .144%1  1.983E-4 XXX X3 424 1484

= LK Z.021E-94 7.&42E-8 -2.1E-10 1.15SE-13 &24 150%

CALCULATED PROPERTIES:

TEMF S1GMA SIGM&*T LAMBDA 2 Z 2T TEMF
K 1/0HM-CM 1.70HM-CM WATT CHM=K WK 17K K

—— - ———— ——————— ——— e ————— . —————————— —— " —— ————— - — —————_— —— —— Y ————

1104 1120773

127.8523 .0275435 3.042E-94 3.942E-F 9.345E-49 1100
1200 2142934 254.8372 .0241148% 3.107E-4 7.¥20E-7 7.304E-4 {200
1200 . 3948321 4432.445s8 0248208 3.212E-4 1.474E-4 .001°1s2 1200
14040 0487004 FS2.48370 02348059 3.344E-9 2.814E-& 0034594 1400
1500 7951436 1191.6844 ,0228045 3.570E-4 4.483E-46 0047248 1500

I
"'.'
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THERMOELECTRIC PROFERTIES

. MATERIAL:v.33R.,ZORO3 TEMP RalIGE. Kk
. SAMFLE #:4F02-RI MIM; 424
i MOTES: LOW TEMP ELEC COND REGION M 2 117z
PROPERTY  UNITS COEFFIICIENTS MIMIMUM  PMec TMUH
A B C 0 TEMP K TEMP K

Loz SIGMAL-OHM-CM  -.046503 -738.775 XK 427 1172

B L0G SIGxT1/0HM-CM

0

2415495 -104&.71 K X 45

<)
~
—
[

LArBDa WaTTA/M-K  .144%1 1.983E-4 AKX HKXXK

H
[
[

—
£
53]
£

L0Z1E-4 7, 442E-8 -2.1E-10 1 .13E-13

YTV
idl
l_ﬁl
1
[y
P

—
n
_'
A+

CALCULATED PROFERTIES:

TEMF S1GME S15MA*T  LAMEDA = 2 2T TEMP
k. 1.70HM=-CM 1.-0HM-CM WAaTT. CM-K LLSK 1K k

&0 05274782 22.41045 0372929 3.082E-4 | .323E-7 7.940E-S =00
a0 LAFFNE8S S7.F5594 035244932 3.090E-4 2.027E-7 1 .4s1E-4 Tan
200 L071528% 27.20801 .03229418 3.02Z2E-4 2.771E-7 Z.37sE-4 =200
F00 LA3STI70 124,7&821 .0309217 Z.007E-4 3.7&42E-7 3.STIE-4 F04
1000 1532534 1483.144% 0291330 3.011E-4 S.103E-7 S.103E-9 1000
1100 JAFIIPRS Z202.2200 .0275435 2.042E-4 &£.421E-7 T.074E-4 1100
1200 . 2176935 244.0343 .02811&9 2.107E-4 8.046E-7 ?.8SSE-4 [ 200
A.18
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THERMOELECTRIC PROPERTIES

p l MATERIAL: (433IMNZ03-,038Y203-.035TE407 - d46HFD2 TEMF RAMGE, K o

SHMFLE #3i MIFe a2z7

0
h
Ll

< HIOTES: M s

FROPERTY  UNITS COEFFICIENTS MINIMUM e TMUM s
' = B C D TEMP K TEMP K -

——— o —— — — " = - —— — T —  ——- T —————————— ——— ——— ——— —————————— - ——

LOG SIGMAL/OHM-CM  3.323853496 -2128.89 HKKX KAK g83% 135S

.
v
P ¥ W

LOG SIG=T{/0QHM-CM &4.,.8%5%&841 ~-25813.7& X S 327 1555

LArMBDA WATT M=K .27136 2.089E-S KX HXX 5885 1525 _

= LUK 2.F30E-S -2.32E-7 1 ,S7E~-10 -3 ,0E-14 451 1352 A
_ . L L k
r .

CabLTULATED FROFERTIES: Lo

TEMP SIGMA  SIGMAST  LAMEDA 5 z Z#T TEMF vffﬁ
K 1 “OHM=CM 1/0HM=CM WATT/CM-K UK 17K K L

Iy
]
=]

; 200 5.080¢ : . Z L03IRTS -S.7&E~-S 5. -7 4,25¢E-4 &
. e

g S.080%3% 38 0237530 -5 S.324€ 240
00 7. FFTEIT 37 L0324047 -4, 1SE-S 1. 133E-& 0010201 #00
1300 17.23&6% 17« 20330625 -9, 12E~-S 1 .?70E-& .0Q1%%00 1000
1140 24.,71470 30 JO2Z2T2PT -4, 05E-S ZLO010E-& Q0323112 1100
1z00 29.013328 47, 03224017 -5.7FE~-S 4.033E-& .004942400 1200
1200 S523.424032 70 L0320304 -5,.91E-5 4.370E-¢ . Q0&33231S 13040
la 1400 47 .93728 97 0317859 -4 .93E~-5 S.3S2E-4 .0074%?23 1400 .4

A
v b e b

Aot

A.19 T
]
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THERMOELECTRIC FROFERTIES

MATERTAL s Z0IMZ03-,033VB202-. 20FROZ-, 44 7HFOZ TEMF RAMSE, K
SAMPLE #:LLL I sS4z

HMOTES: HIGH TEMPERATURE ELEC COND REGION (P 1372 -

-
PROPERTY  UNITS COEFFICIENTS MIMIMUM M3 MM

& B C D TEMF K TEMP K
LOG S1GM&1OHM=-CM
LOG SIG*T1-0OHM-CM S.775438 -3147.82 XXX P SO7 1503 -
LAMEDS  WATT- M-K 222782 -1.31E-5  XxX S43 1555
= VK &.740E-S -2.93E~7 3.38E-10 -3.4E-14 422 1372

.

CALCULATED PROFERTIES: R

al

TEMF SI16M& SIGHM&=T LAMEDA S 2 =T TEMF .
k 170HM=CM 1 -0HM~-CM W&TTA CM-K LK 1.7k K .

0
e

0 013122 ,034203% -S.57E-S 1.1ZE-10 S.&15E-3 SO0

&0 a1aze4z 383787 -8 &0E-5 1. 231E-% 7LI2RE-7 &40

7o 0443303 0345515 -7 .25E-5 &4.4S0E-F 4.S1SE-& TO0 -
200 1351455 L026727% -7.S8E-S Z.114E-8 1.473E-5 &00 .
700 . 3188247 .0387040 -7.44E-5 5.041E-2 4.S3I7E-S5 900 '
1000 4335012 L0370358 -7.47E-5 7.535E-2 7.S3SE-S 1000

1100 1.111023 0372674 -7.13E-5 1.S51SE-7 1.847E-4 1100

1200 1.7743237 0374507 -4.44E-S 2.102E-7 Z.SZ4E-4 1200

1300 2.436758 3457.839 0374359 -4.12E-5 2.42&4E-7 2.414E-4 1300

1400 3.702782 S142.380 0378229 -5.54E-5 3.024E-7 4.234E-4 1400
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SAMFLE #:LLL MIN: sS4z

MOTES:: LOW TEMPERATURE ELEC COND REGION Max e 07

FROPERTY UNITS COEFFICIENTS PIINMIMUM M L
A B c b TEMP K TEMP K

LOG ZIGMALC/OHM-CM -,073844 -5323.43%5 KXX K 477 SO7

LaGs SIG«T1-0HM-CM 2

LAMBEDS WATT M-k 282732 -1,31E-S XK

1554
= P &.9A0E-S -3.92E-7 Z.3SE-10 1272

CALCULATED PROFERTIES:

TEMF =1 GH& SIGMA=T  LAMBDA = z i
K. 1 A0HM-CM  1.-0HM-CM WATT./CM-K VK 17K K -

e e e e e e e e e e = ———— s —— ————— = —————— == —_————— - - —————— — - ——

400 0321359 14,4%477 Q0280225 -4.11E-5 1.838E-7 7.3244E-7 400
SO0 LOF23247F 24.,Z22982 L0Z4203% ~5,57E-S &£.1570E-7 2.0%5SE-& SO0
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- THERMOELECTRIC PROPERTIES
i MAETERIAL LA 2R, IMNOZ TEMF RAMGE. K -
: SEMPLE #:lLM-1 MING 4%

MOTES: My 3 103S
" FROPERTY  UNITS COEFFICIENTS MIMIMUM & THUM
" S E C o TEMF Kk  TEMF ¥

LOG SIGM&1-0HM-CM  2.0%54  18.15841 Ty 1223

LOG SIGHTLI OHM-CM S.&4Z0248 -S09.803 XX $7E 1223 -
! LeMBOE  WATT M-K 440322 -2.d44E-4 350 {0ZS ’

= LR 2.400E-5 -2.¥%YE-8 Z.10E-11 -32,32E-15 473 1273

- CALCULATED PROPERTIES:
X TEMP SIGME  SIGMA*T  LAMEDA s z ZxT TEMF

i K 1 “OHM-CM 1 -0HM=-CM WST T CM-K LK 1. r.

. &00 133.5562 S2010.20 .0202948 2.052E-S5 Z.774E-6 .0014:42 &S00
00 122.2332 73029.%3 02132437 2.015E-5 2.S14E-4 0017552 700
. 200 131.24%8 9&219.22 0225491 Z2.02&E-5 2.388E-+5 ,001%10% 200
- 00 120,48%4 1132250,S ,0222737 Z2.08ZE-5 Z2.3&4%E-4 0021318 700
1000 129.28842 129021.7 0253435 2.132E-5 2.438E-< .00249327% 1000
J 1104 127.3721 142545.7 ,027051% 2.324E-5 2.S223E-& .0028417 1104 -
1200 128.982% 1548%0.5 0287209 Z.50&4E-5 2.7FSE-& 00323543 1200
1300 128,8274 14%14&4,7 0212042 2,.724E-5 3.0&44E~-8 Q0298 1200
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APPENDIX B

DRAFT

Novel Apparatus for Measurement of Seebeck Coefficient

* *4 .
J.E. Garnier and J.L. Bates ( *

Summary

A novel experimental apparatus has been developéed for the measurement of the
high temperature, absolute Seebeck coefficient in materials. The automated,
computerized technique utilizes a multiprobe sensor arrangement with vertical

specimen geometry to provide for accurate, rapid Seebeck determination while

minimizing potential errors associated with non-isothermal specimen heating.
An internal adjustable radial heater allows Seebeck values to be determined
over a range of temperature gradients from 10 to 150 K. This capability
combined with environmental enclosure allows a wide range of specimen tem-

perature and atmospheric conditions to be achieved. A discussion of determi-

nate and indeterminate errors associated with the apparatus and measurement is T
made. The 3 sigma uncertainty in Seebeck coefficient is found to be 2.8%7 or

less.

*
Battelle Pacific Northwest Laboratories, Richland, WA 99352
Member of the American Ceramic Society
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I. Introduction

The Seebeck effect results in the conversion of thermal energy into electrical

energy via the transport of electrical carriers (electrons/holes/ions) induced -
by the presence of a temperature gradient. A novel experimental apparatus was

developed as part of AFOSR and DOE sponsored program for measuring the Seebeck

coefficient (S) of potential thermoelectric and fuel cell materials. The :
apparatus deyeloped has been found to be a simple, yet precise means, for . _:J
measuring the absolute Seebeck coefficient. The determinant and indeterminant f?j
errors associated with the apparatus were made. Some results for oxide e -3

- 4
ceramics are discussed. - ”‘:;

II. Apparatus Description

1

The Seebeck coefficient (S) is a local transport property measurement(l), and :ﬂ jlt%f

is determined by applying a temperature difference (AT) between the ends of a ;ii;

test specimen (rectangular bar shaped) which gives rise to a potential L :ftf*
difference (AV) by virtue of the net diffusional flux of charge carriers - .
(electrons/holes/ions) from the hot to cold temperature regions along the
length of the specimen. The Seebeck coefficient is thus, by definition,

given as

S = ~ 1lim (av) AT + 0 ; T = THot: - TCold
(aT) 2

wherein, the negative sign is required by convention to ensure that the sign of

(2)

S and the majority charge carrier agrees. It is assumed that &S/4T is

B.2
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approximately temperature-independent; and, that maintaining the AT across the
specimen constant for different temperature conditions does not result in
compositional gradient effects above and below T, Thus, the Seebeck coeffi-
cient for a material can be determined by making several temperature gradient
and corresponding emf measurements about each T of interest. However; there
are some experimental difficulties generally associated with Seebeck coeffi-
cient measurements. These include the presence of non-isothermal conditions in
the cross section of the sample, the measurement of temperatures and emf that
often require contact of metal leads to the sample, the chemical interaction of
other materials with the sample, the control and generation of small as well as
large temperature gradients and the length of time required for measurements
and assessment of errors. The Seebeck coefficient technique described in the
paper was developed to address these difficulties so as to allow high-

temperature, absolute Seebeck coefficient measurements.

The experimental technique is illustrated in Figure (1) where four thermo-
couple/emf probes are located at four different regions along the length of the
specimen bar. With the sample at thermal equilibrium, the multi-probe arrange-
ment allows determination of six (AT, AV) values about Ta from which the

absolute Seebeck coefficient is determined as the slope of AV versus AT.

The detail of the Seebeck apbaratus is shown in Figure 2. The test specimen is
placed in a vertical specimen geometry which provides a necessary radial and
isothermal heating geometry along the axial length of the specimen. Non-
isothermal radial specimen heating can make theoretical interpretation of test
(3

results difficult at best by introducing bias voltages into the measurement,

especially when more than one type of charge carrier is present. Four

B.3
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temperature sensors (Pt versus Pt + 10Z Rh thermocouples) are placed in contact
with the specimen with a horizontal input geometry to minimize temperature
; , . (4,5,6)
errors associated with thermal shunting along the thermocouple wire.

The Pt leads of each sensor are also used as the voltage probe leadout wires.

The four alumina thermocouple tubes also provide for specimen support. The
thermocouple wires are brought to the sample in Al,05 thermocouple tubes and
exit 90° through the Al1,05 wall, with the thermocouple bead formed outside the
tube. The exit of the thermocouple wires and the bead are staggered so that
they contact the sample at uniform distances along the sample length and on
different sides of the sample bar or cylinder. Four additional Al,05 rods with
a Pt ring are placed parallel to the thermocouple tubes along the sample length
to assist position the sample vertical to the Al,05 tubes and to ensure a good

contact of all thermocouples with the sample.

The eight Al,03 tubes and rods extend out of the hot zone of the furnace and
are fixed in metal fixture through which the wire leads are passed. A ceramic
slip ring is inserted over the the top of the four Al,05 tubes and four Al,0,
rods. With the sample placed in position with the thermocouples in contact,
this ring provides a uniform tension of the sensor beads with the specimen
without the use of bonding or metal plating. This arrangement also provides
for thermal expansion effects during heating and cooling cycles. Only the Pt

thermocouples are in contact with the sample.
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The thermal gradient across the specimen is provided by a non-inductively wound

Pt heater wound on an Al,05 tube. This auxiliary inner heater fits over the
Al,05 tube-sample assembly and can be adjusted up or down to provide the ;f;i
desired thermal gradient. By simple adjustment of the heater location relative ZJE
iy
to the sample, a temperature gradients from 10 to 150 degrees K can be =
maintained. Typically, the AT range from 25 to 35 degrees K. .
f]
The specimen, sensor and internal heater assembly are inserted vertically into -M:i
an Al,05; muffle tube that is positioned in a resistance furnace for heating up .s}
to 1823K. Atmospheric control is provided by pre-analyzed gas inside the axial '2
length of the outer muffle tube. Thus the oxygen partial pressure can be : ;T
controlled up to approximately 2000 mm pressure. )
Either parallel-pipeds or right cylinders can be used as samples and the sample ;‘;;

length can vary. No holes or insets are machined into the specimen. The

sample size presently uses rectangular bars 3.8-cm long and 3- mm square,

However, the size may vary in cross section, but large size changes would ;;fj
require appropriate changes to the bottom metal retainer and upper slip ring ?bf;
dimensions. Shorter specimen lengths can also be used, but depending upon the :f:é
distance between the distance between probes, less than the four thermocouples :
may be used. -;?;
o

The four thermocouples are calibrated in place under isothermal conditions A-f;
using a reference thermocouple calibrated to the melting point of gold. A ii;
separate thermocouple is used to control the ambient temperature of the ?{{
furnace. The furnace is separately controlled as is the inner heater. -Ei
However, both can be directly controlled by computer if desired. ;:E
B.S
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A schematic of the data acquisition system is shown in Figure 3. The
temperature sensor and voltage probe leads are hard-wired in a pre-determined
sequence to a multiplex scanner switch box which is computer addressable.
Under graphic computer control (HP-9836) a sequence of six (AV, AT)
measurements (see Figure 1) are switched through a digital microvolt meter
whose output 1s read by the host computer and stored for later amnalysis. This
measurement process requires about 5 seconds and allows repeated cross checks
on the data to be performed (i.e. reproducibility, standard deviation,
temperature change, etc.) for each determined value of Seebeck coefficient
measured. The graphic computer then calculates the necessary corrections to
the raw data which includes: referencing each thermocouple emf to the National
Bureau of Standards; correction of voltage lead wires for induced emf effects
arising from the Pt lead wires being in a temperature gradient. Existing

licerature(7’8’9)

information for the Seebeck coefficient of Pt is used in this
correction, This latter procedure allows elimination of individual Pt lead

wire biasing effects that result from initial chemical compositional variances

in the Pt wires and a means of recalibrating for Pt wire aging effects.

The graphic computer functions in conjunction with a pre-programmed
time-temperature furnace controller which adjusts the outer furnace to follow a
step-wise temperature heating/cooling cycle or constant rate in temperature

change.
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ITI. Experimental Uncertainties

The errors involved in the Seebeck transport property measurement can be
divided into two areas for assessment --- indeterminate and determinant errors.
Indeterminate errors occur from system variation from assumed boundary
conditions and other sources that can often be difficult to recognize and
eliminate and measure. Determinate errors are associated with the measurement
of quantities used in calculating the particular property of interest (i.e.
Seebeck coefficient). These errors can be assessed by the inaccuracies
associated with instruments used to measure (temperature sensors, voltage

leads, multiplex scanner, microvoltmeter, computer) and to reproduce these

quantities.

The indeterminate errors in the measurement of the Seebeck coefficient are
listed in Table 1. Of the postulated indeterminate errors the largest

potential source of error is considered to be in the absolute value of the

(10)

Seebeck coefficient. To date no NBS reference standards exist to allow

assessment of the magnitude of this potential bias error. However, since the
Seebeck values of promising thermoelectric materials are in the range of $100 ;I¥ﬁ

to 1000 uV/K this bias effect of 5 uV absolute is on the order of 5% or less. -'H!

The determinate errors associated with the measurement of various quantities

used in determining the Seebeck coefficient are listed in Table 2.
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Table 1. Indeterminate Errors in Seebeck Measurement

Indeterminate Error Comments

Radial temperature gradients Vertical specimen orientation and radial
within specimen —- bias heating geometry minimizes this effect. -
voltages/non-linear

temperature gradients

Thermal shunting by All temperdture sensor leads have initial
Pe/Pt - 10Z Rh leads horizontal orientation away from the
specimen within their respective radial =

temperature zones e

Thermal and Electrical Contact between each thermocouple bead

contact with specimen and specimen is assured by design.
surface ) Uniform pressure of contact by each bead
to specimen surface is maintained by simple

slip ring assembly. Cooling/heating thermal

I

expansion effects on uniformity of bead

contact pressure are eliminated by design.

Absolute value of determined All measured specimen Seebeck coefficients

Seebeck coefficient are referenced to a Pt standard specimen
whose chemical composition corresponds to :a
literature reported "reference grade Pt o

standards.”" An error bias up to 5 uV

absolute (within the reported litera- ) :-'

ture(7’8’9) uncertainty) is possible.
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Table 2. Determinate Errors in Seebeck Measurement

Equivalent
Determinate Error uv Total Seebeck Statistical Error
° Voltage gradient )
scanner switch <1 3 Sigma S = * 2.87
digital voltmeter 1
reproducibility 1 Origin intercept < 2.0%
° Temp. Gradient
measurement £ 2
absolute value 10

° Temperature
thermocouple deviation 10

Using the method of Kline and McClintock(ll)

[Mech. Engs. 75:3, Jan. 1953] for
estimating the uncertainty in experiments, the total 30 error is estimated to

be * 2.87 which translates to a AV versus AT origin intercept error

ATAV+0 ) of < 27. Table 2 and Figure 4-6 summarize the results of these
calculations.
B.9
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Example of Test Results

The determinate uncertainties listed in Table 2 along with time variations in

Tavg are used in the controlling computer program to determine if isothermal o

conditions within the test apparatus have been achieved. When the rate of ' -
change in Tavg is less than 2 K/minute, the origin intercept errors are <27,

reproducible emf measurements (*l uv) are observed when these conditions occur

during measurements. The computer then stores the raw/corrected/computed

information for later analysis.

An example of computed information is given in Table 4. The upper right hand
plot is the absolute temperature variation versus distance across the test

specimen. The upper left figure is the AV versus AT data corrected for the Pt

i

lead wires. The absolute Seebeck coefficient is determined by an un-weighted,
least squares analysis given the six AV, AT pairs of data. This computed value

is preferred over using the origin 0,0 (AV, AT) as either a datum point itself

2)(12)

(Seeorg or forcing a fit through the origin 0,0 (Seeorg l) as it may

T

lead to a possible biasing of results especially if more than one charge
carrier is active or a heterogeneous concentration of ionized impurities are [;};}
present in the specimen. Further examples of test results are shown in

Figures 7 and 8 where S vs T and S vs composition results are shown for a

variety of In,03 - SnO, compound speciﬁens.

v. Conclusions O

To be written.

VI. References

To be included later. "
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TABLE B.2. Assessment of Experimental Error T‘:Efi’-:
Standard Deviations'"’ S
30av=3 V(0w =6uv 30ar=3Y(@nF + (0o =8.48uV or £ 0.85°C b
m 2 |12 T
aS ) I
30. = W, =[§(-‘E Wl) ] -
2 2\12
o AV e, e
AT AT ar 1
- (A e ga91ka0 ¢ 3exi0) :
at \am® * ' 5
Where AT and AV are Variable Quantities; War = 0.85°C; Way = 6V .
'Based on Kline and McClintock, ‘Describing Uncertainties in Single Sample Experiments.” R
Mech. Engs 523, January 1953. DRI
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Sample #AF01 - 2R2 31 May 1984 00:00:23
0O9YO01SrCrO31ATMOxygen AFO12R2 o
Data as Read by Doric DVM
0 -01850.00E6 1 +08542.00€E-6 , 2 +08472.00€E-6 3 +08431.00E-6
4 +08340.00E-6 5 Not Read 6 Not Read 7 Not Read
8 Not Read 9 -01010.00€E-6 10 +02920.00E-6 11 +7779.00E-6
12 +11558.00E-6 13 +04858.00E-6 14 +08638.00E-6 15 +03779.00E06
16 Not Read 17 Not Read 18 Not Read 19 Not Read

. ———— . — — — —— ——— T — —— — — — — — Y . —— — — —— — — — — — — ——— ——— —

T.C. Temp. (K} by Position: 1, 2, 3, 4 (4A, 3A, 7B, 88; BNW 7838-ref. to NBC std.)

11347.811341.53 1329.3 4 1321.3 Ambient Temp. = 302.7

DeltaV(sample) = (- DeltaV (meas)) + S(Pt Leads)*Delta - t(*)

1 -0.00306340637112 2 -0.00819541690649 3-0.0121505887325 4 -0.00513100890792
5 -0.00908717848862 6 -0.0039551673079

S(PTSTODROD) = 2. 2385 05 DeltaV(Pt) = -5.93E-04 Dtmax(K)=26.48

Tavg1335.0 Abs. Seeorg2(6+0, 0) 4.49E-04 Voits/deg K Origin-6.3E-05 volts
Tavg1335.0 Abs. Seebeck (6 PTS) 4.458E-04 volts/deg K Origin-1.2E-04 volts
Tavg1 335.0 Abs Seeorg! (thru O, 0) 4.52E-04 volts/deg K Origin 0.0E+00 volts

Dtmax(K) 26.5 Ori. error% 1.0E+00 Sbeck; 5.3E-01 Sorg2

3 Sigmas: 1.4E-05Sbeck 1.5E-05 Sorg1 1.4E-05 Sorg2

% Seediff error -7.1E-01% Sbeck-Sorg2

Heating rate 0.0E+00 K/min

Expr. condition check: Rate, Dtt1&2, Ws1&2, Dtmas

Rate, DeltaT{max), Origins, 3 Sigma(seebeck&seeorg) are all within exper. limits

FIGURE B.7. Example of Seebeck Data Output
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FIGURE B.8. Seebeck Cooefficient for Sn0,-Inz0,4
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Seebeck Apparatus

l ’ System Advantages

.

S - Automated data acquisition, data analysis
l temperature cycle control

- Rapid (8 seond) data sampling allows data acquisition even

= during heating/cooling cycles (i.e. up to 2 degrees/minute)

which results in Seebeck values within the 3 o of + 2.85%

measured under thermal equilibrium conditions.
]

- Environmental pressure range: 10 “ torr to 2 atm

i - Environmental atmosphere control: variable Po
: 2
Eﬂ - Temperature range: 100°C to 1500°C
.
" - Sample impedance: Limited to 10 Ohms or less.
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